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AIRCRAFT NOISE SOURCE.
AND CONTOUR ESTIMATION

By D. G. Dunn and N. A. Peart
Boeing Commercial Airplane Company

1.0 SUMMARY

Reflecting the need for analyzing and, if possiblz, reducing the community noise resulting
from aircraft operations, the Boeing Commercial Airplane Company, under contract to NASA-
Ames. has developed a computer program for predicting the noise generated by five basic types of
aireraft: turbojet. turbofan, turboprop, V/STOL, and helicopter. A second program has been
developed which calculates contours of equal noise level (footprints) and the area within the
contours for an airplane during takeoff and approach operations. The footprint program is
compatible with the NASA-Ames flight simulator. The flight simulator provides aercdynamic and
engine performance data, and ihe footprint program calculztes contours for equal noise level,
thereby providing an estimute of the noise exposure produced by an aircraft operation. Typical
results from the computer programs are shown in figure 1. These computer programs are intended
to assist aircraft designers by identifying the noise characteristics of various aircraft and engine
configurations. These noise lovels can then be compared to community noise goals.

Aircrali noise prediction techniques used within the aviation community arc usually based on
cmpirical data and the resulting procedurcs vary. These differences arise in numerous ways; ¢.g.,
(1) the same acoustic data can be formulated into prediction procedures with varying degrees of
sophistication and complexity, (2) differences in noise measurements do occur in similar tes’3 when
some of the important variables can not be controlled, and (3) the complexities in noise - i.eration
and propagation have fostercd more than one theoretical view of the phenomena involved.

The source noise prediction and extrapolation techniques presented in this report represent the
state of the art duriig the contract time period. The procedures are primarily empirical. Some parts
of the procedures were obtained from published literature and in some instances unpublished
methods uscd within the Boeing Commercial Airplane Company were employed. The sclection of
techniques were made to provide a basc for comparisons among aircratt design choices and for
evaluation of aircraft operations. However. results from these proccdures can not be expected to
agree exictly with absolute noise tevels calculated by other schemes. In many instances, an
engine/airframe configuration has its own peculiarities. These peculiaritics may require corrections
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to be apriasd o the predicted levels for a particular noise source component o) changes in one or
more of the various calculation methods oftered in this report.

It is extremely difficult to assess the accuracy of noise prediction procedures. This difficulty
results from insufficient data for known sources (individual component sources which combine to
give the total noise of the system). anomalies in measured data, and the smail number of different
engine/source configurations. Comparisons of predicted with measured noise levels (Effective
Perceived Noise Levels, EPNAB) for cuirent airplanes have shown that the tolerance for these
methods is generally £S5 EPNdB. It should be recognized that noise levels are logarithmic quantities,
and an error in a noise estimate can result in a large error in a conivur estimate such as area. Hence,
the tolerance for the contour estimation procedure largely depends on tie confidence level
associated with the acoustic data that is used.

A description of how to use the computer programs is contained in a companion report
(ref. 1). This portion of the report contains the enginecring description of the noise prediction
procedures embodied in the computer programs.

2.0 INTRODUCTION

The increase in commercial aviation in the last decade has been accompanied by increased
complaints from communities directly exposed to the higher noise levels associated with aircraft
operations. initial attempts to reduce the community noise exposure have included changes in
takeoft and approach procedures, development of acoustically treated inlets and mounting jet noise
suppressors on the exhaust nozzles. Also, Federal noise regulations (ref. 2) have established noisc
limits for new airplanes that are significantly lower than first generation jet operation levels. This
recent emphasis on reducing airplane noise has resulted in considerable acoustics-related research
and development activities. These activities have been primarily directzd toward defining the noise
generating mechanisms of aircraft engines and defining ways of reducing noise at its source through
desien innovations and suppression devices.

The implementation of noise reduction technology in engine, nacelle, and acoustic lining
design has 1esulted in a generation of quieter airplanes, e.g., the Bocing 747, Douglas DC-10,
Lockheea L-1011. and Cessna Citation. Numerous other programs are currently under way, each
with the objective of either reducing the noise of current airplanes or developing noise technology
for application to future aircraft. Throughout these research programs, there has been only minimal
effort devotad to developing the methodology required for predicting the total community noise
performance of new airplancs. This report represents the state of the art calculation procedure for
aireratt conmmunity noise peediction,




The current contract, NAS2-6969, has becn completed in two parts—Phoses A and B (ref, 3).
Phase A (ref. 4) consisted of providing relatively “crude” computerized procedures applying to
noise source estimation of conventional turbojets or turbofans. Also, part of the Phase A effort was
the development of computerized procedures for noise contour estimation adaptable to “real-time”
flight simulation. The computer programs were designed to operate on the iBM System 360/67 with
the additional requirement that the noise contous prograin would operate on the Xerox Sigma vil
and VIII computers in conjunction with the NASA-Ames flight simulator. Phase B consisted of
supplying more advanced computerized procedures for noise source prediction. The computer
program for this purpose has been written to provide 1/3 octave band noise estimates for such
configurations as advanced technology “quiet” engines, lift fans, lift/cruise fans, ejector/suppressor,
blown-flap, propeller, helicopter, and tilt rotor aircraft, etc., in addition to that for conventional jet
aircraft. Also, the contour program has been updated to be applicable for the more generalized
requirements.

The discussion section of this report has been divided into three parts. The first deals with the
overall view of the noise prediciicn procedures. The second deals with the description of the various

-

computer modules for noise source estimation. Table 1 lists the computer modules included.

In each of the computer modules, the user has the option to specify reductions on a spectral
basis when suppression devices are employed. For these situations where lining is installed, a
calculation procedure applicable to optimized, single or double layer linings is available. These
procedures are included in the noise source estimation program for those items noted in the list for
the noise source computer modules in table 1.

After the individual noise source spectra are computed for a datum condition (free-field,
1 meter from source), extrapolation technique are then used to adjust the datum spectra to
correspond to the noise observed as the aircraft .dies by an observer. The spectra obtained are
functions of time and permit the calculation of the effective perceived noise level during takeoff
and/or landing.

The third part of the discussion deals with the procedures used to calculate noise contours. At
the discretion of the user, an additional output of the noise source program can be a set of tabular
data on IBM cards to define an acoustic data routine for the noise contour program. The acoustic
function can be either peak perceived noise level or effective perceived noise level versus some
engine performance parameter, range at the closest point of approach, and elevation angle. This
function is then uscd for calculating noise contours as described in section 5.3. The computer
programs for this task are designed to run in *“real time” on the Xerox Sigma VII or VIII computers
for flight simulations and in *batch mode” on the IBM System 360/67.
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TABLE 1.-NOISE SOURCE ESTIMATION COMPUTER MODUL ES

No. of Modules

e Measured Data

Jet Noise

a. Single exhaust nozzle

b. Co-annular exhaust nozzles

c. Ejector/suppressor®

d. Slot nozzle with augmentor flap*
e. Externally-biown flap

Noise Generated Inside Primary Duct

a. Core*
b. Turbine*
Compressor or Fan Noise

a. Inlet compressor or fan*
b. Discharge fan*
¢. Lift-fans*

Propeller, Helicopter and Tilt Rotor

a. Empirical propeller procedure
b. Theoretical propeller/rotor procedures

Total

*Denotes optional use of lining
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3.0 CONCLUSIONS

This is the final report for contract NAS2-6969. It describes the results for the Phase B portion
of the contract. Empirical procedures are described which represent the state of the art and are the
best approaches readily at hand for estimating the community noise levels for the five basic types of
aircraft mentioned in the summary. At the present time, comprehensive theoretical procedures do
not exist for noise prediction for all the aircraft mentioned. In some cases, theoretical methods can
be computerized, but they are computationally expensive, require more detailed information than is
readily available, and do not provide significantly more accurate absolute levels than that obtained

by empirical means.

Past experience has shown that when suppression devices are vsed to reduce the acoustic levels
of major noise source(s); new noise sources always appear. New prediction procedures must be
continually developed to reflect the noise contribution of the new sources. Also, the existing
procedures must be continually refined to reflect the change in engine design and the demand for

increased accuracy.

4.0 RECOMMENDATION

In general, aircraft noise prediction methods will change as technology improvcs; therefore, it
is recommended that these procedures and the corresponding computer programs be periodically
reviewed and updated. To provide guidance on future developments and to gain a better
understanding of the mechanisms involved, a theoretical analysis should accompany any ~svisions of

the empirical procedurcs presented herein.

—m————
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5.0 DISCUSSION

5.1 MACROSCOPIC VIEW OF THE PROBLEM

Noise prediction procedures have been developed for five basic types of aircraft: turbojet;
turbofan; turboprop; V/STOL; and helicopter. Figure 2 shows these propulsion systems and the
types of noise sources associated with each type. Of the five basic types of airplancs, the V/STOL
aircraft is the most complicated because of the different high-lift configurations presently being
considered—blown-flap, augmentor-wing, lift fan/jet and tilt rotor. In addition, the V/STOL
configurations may have more than one type of powerplant, i.c., conventional turbofan wing
mounting with lift fans in the wing or ift jets attached to the airplane’s fuselage.

E TSP S

In order to provide the flexibility required in predicting the noise from the several source
coatributors for a given aircraft, the approach shown in figure 3 is used. The prediction consists of
four steps:

TS ST AR e

1) Solution of the Flight Path/Observer Geometry:
In this step the airplane is assumed to move along a straight line, i.c., constant climb
gradient. At angular increments of 10° 20°, . . . 170° between the flight path and a line to
the observer, sampling points for the aircraft’s position are taken whicn correspond to a
set of observation times during the flight when the noise is heard. At each aircraft
position, all geometrical terms required to extrapolate the noise from the source to the
observer are determined. After the airplanc/observer geometry is defined, the next step
considers the orientation® of the noise sources.

. 2) Calculation and Summation of the Sound Levels for Each Sousce:

O For each point along the flight path segment, spherical coordinate angles relative to the
{ . . .

, l noise sousce reference axis are calculated. See (¥, VorBo) in figure 4. These angles

' describe the location on a sphere about a source where the noise is to be determined.

Thus, non-axial-symmetric®® radiation patterns can be considered.

*The angular osicntation of the gross thrust vector for a powerplant about the aircraft’s lateral axis
= with respect to the horizon.

*sExcept for conventional single engine aircroft, the radiation pattesns will be non-axial-symmetric.




TURROY AN

TURBQJET

1, PRINARY G SECONDARY
2. CORE & TURBINC
3. FAN(INLET & EXIT)

1. PRIMARY JET
2. CORE & TURBINE
3, COMPRESSOR (INLET)

STOL (BLOWN FLAP) — TURBOFAN

TURBOPROP
L

s by § S g
= Q

1. PRIMARY & SECONDARY JET MODIFIED FOR
BLOWN FLAP

2. CORE & TURBINE

3, FAN (INLET & EXIT)

1 PRINARY JET
2. CORE & TURBINE

3. COMPRESSOR (INLET)
4, PROPELLER

At STOL (AUGMENTOR=WING? — TURBOFAN

PLENUM
. SLOT NOZZLES

»f's§i“° AUGMENTOR FLAPS

] 1. PRIMARY & SECONDARY JET MODIFIES “OR AUGHENTOR WING

2. CORE & TURBINE
3. FAN GNLET & £XIT)

FIGURE 2.-REPRESENTATIVE PROPULSION SYSTEMS AND NOISE SOURCES




WavoL (LET EAN/JET) — TURBOFAN STOL (LIFT FAM) — TUNBOF AN

g LIFT=FAH

FUSELAGE H o

17 00 OIIG H SRIVE |

_ 11 T uecnanise ;

-~ by M> )V

m— |

|

!A

1, PRINARY & SECONDARY JET 1. PRIMARY & SECONDARY JET i
2. CORE & TURBINE 2. CORE & TURBINE i
3. FAN (INLET & EXIT) 3, FAN ONLET & EXIT) }
: & LIFTFAN

4

¥/5TOL (TILT=ROTOR) HELICOPTER — TURBINE=DRIVEN

TURBOPROP

1. ROTOR NOISE

2. PRIMARY JET NOISE
3. CORE & TURBINE

4, COMPRESSOR (MLET)

3. ROTCR WOISE

2. PRIMARY JET NOISE
3. CORE & TURBINE

4. COMPRESSOR (INLET)

HELICOPTER
IHTERNAL COUBUSTION ENGINE

B d

1. ROTOR NOISE

ENGINE

EIGURE 2.-CONCLUDED




10

2 <
GEOMETRIC SOLUTICN OF L/%{
FLIGNT PATH SEGHENT :"T = P\ _ ey
£e10% 20, .., 30° &
X3 Xy, X, e Xy l
CALCULATION AND SUMMATION OF SPL'S NOISE SOURCE PREDICTION
WODULES

FOR EACH SOURCE, £, & X

1) ENGINE ORIENTATION ~ 8¢
2) CALCULATION OF SPL'Sy
3) SUMMATION OF SPL'S,

SPLL = 10106y i 1083 * SPL
OTAL

K=l

1) CALC OF SPHERICAL COORD"S
FOR ENGINE ORIENTATION &
GEOMETRY FOR EACH £&X

2) CALCULATION OF SPL'S FOR
ENGINE PERFORMANCE &
SPHERICAL COORDINATES

]

e FREE=-FIELD
o INDEX SPECTRA

NOISE EXTRAPOLATION

o (1/3 OR 1/1) OCTAVE BANDS

1) ASPLS FOR EACH § & X
o SPHERICAL DIVERGENCE
o ATMOSPHERIC ABSORPTICN
e EGA
e GROUND REFLECTION
2) TIME NOISE IS HEARD FOR EACH E2 X

3) INSTALLATION & SUPPRESTCA
EFFECTS
o LINING
o SUPPRESSOR NOZZLES
e OTHER (CORRECTIONS)
8) FLIGHT EFFECTS

3) SPLS sSPL’S - & SFL'S © Vg CALCULATION BASED OM
con E:::AP& ) INREX VELOCITY VECTORS
¢ e DOPPLER (OPTIONAL)

HUMAN RESPONSE MEASUREMENT

o SPLVRS. TIME.... FRoM (D
e CALC.OF PNL VRS, TIME
e CALC OF EPNL

U OR-X

EIGURE 3.—-COMPUTATION SEQUENCE

o e L e o e At S 7 2 e

i
i
|




!

@y

co

}

[ N
- ch b

. ‘

e

B, W (U,V) PLANE

DIRECTION OF HOTION
- O

Ta{ Ivsmdg -2zy oS agl/1x1]

TAN'1[|X|/-(V cos 8¢ +Zy SIN 65)]
-1

¢ = €05 -tvcos bg + Zysmég)/ 191

$ m-ievi+zgh)

8 = ENGINE ATTITUDE OR FLAP ANGLE

Py
/ pc'

G _ _ o DIRECTION OF MOTION
Vo= nu-:;emo)

VR ® WJZ - 2V)Vg COS @ + \102

WHERE: @ = 8 - TANTHGRAD)

A
Vo @ VELOCITY VECTOR OF AIR SPEED RELATIVE
TO NOZZLE

OJ = VELOCITY VECTOR FOR JET SPEED RELATIVE
TO NOZZLE

A A A
Vp® Vy- Vo * VELOCITY VECTOR OF JET SPEED
RELATIVE TO AMBIENT AIR

FIGURE 4.—ENGINE ORIENTATION AND FLIGHT CONSIDERATIONS

11

—

2

== =SS




- i
R R SRS

e

___—z‘hg‘_:':.:i

3)

4)

The noise attributed to cach source is then calculated and summed to form a total of al'
the sound sources at each aircraft position. The noise levels thus formed represent
free-field, index (1/3 or | /1) octave band spectra, on a sphere (radius = 1 meter) radiating
toward the observer at each position considered along the flight path segment.

Extrapolation of the Index Noise Spectra:

In this step, sound attenuation due to spherical divergence, atmospheric absorption, and
extra-ground-attenuation is considered (refs. 5 through 8). In addition, the interference
phenomena of ground reflection is included as an option (section 5.1.3.2 and
appendix A). The results from this step represent the total (1/3 or 1/1) octave band
spectra versus time received by the observer as the aircraft passes by.

Human Response Measures:

“he extrapolated spectra are used to calculate the human response measures, Perceived
Jloise Level (PNL), tone-corrected PNL, and Effective Perceived Noise Level ( EPNL). The
EPNL is determined by integrating the antilogarithm (Base 10) of the tone-corrected PNL
with respect to time (refs. 2 and 9), not from a transfer curve as was done during Phase A
of the current contract (ref. 4). Since there is some question regarding the validity of the
tone-correction procedure, an estimate of the effective perceived noise level EPNL is
provided, based on the regular PNL-time history. Occasionally, the procedure gives a
tone-correction when in fact no tones can be observed in the 1/3-octave or narrow-band
spectra, This estimate is denoted in the computer output by an asterisk beside the EPNL
label. The omission of a tone penalty also solves the problem of obtaining an EPNL
estimate when only full octave band spectra are available and tonc-corrected PNL’s can
not be calculated. Further detail on each step mentioned above is presented in the

following sections.
5.1.1 Definitions/Limitations/ Assumptions

5.1.1.1 Flight and Weather Conditions

The noise prediction procedures defined herein are limited to flight operations, where the
airplane specds are less than Mach 0.35. The SAE procedures (refs. 5 through 8) that are used for
noise extrapolation are limited to the following weather conditions:

Temperature 1° to 32°C (30" to 90°F)
Relative humidity 307 to 100%
Downwind 0 to 16 km wer hr (10 mph)
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Figure S shows the ‘“‘weather windows” that are currently recommended by the SAE for
acoustic testing and by the FAA for noise certification of new aircraft.

5.1.1.2 Index/Free-Field Spectra

The far-field noise data used to develop the prediction methods in this report contained
atmospheric and ground effects that are inherent in most acoustic test data. These effects have been
estimated and removed from the data, ie., the data was corrected to free-field conditions (no
reflecting ground plane) and extrapolated back to a distance of 1 meter from the source (assumed a
point) in cvder to remove atmospheric absorption. The resulting spectra are given the term
“Index/Free-Field Spectra.” They do not represent the levels which would be observed at one meter

from an engine, but rather far-field levels artificially synthesized in order to remove the effects
mentioned above.

5.1.1.3 Far-Field/Point Source(s)

The acoustic far-field is defined as those distances greater than or equal to ten times the
acoustic wavelength of interest, or ten times the characteristic source dimension. At these distances,
the noise observed may be considered to have originated at a point. Thus, the spacing between
engines, etc., can be considered negligible, as the observer is sufficiently far away from the airplane
such that the noise appears to be emitting from a single point.

5.1.1.4 Noise Extrapolation

SAE procedures (ref. 5 through 8) are used for extrapolating the datum spectra (Index,
Free-Field) to other positions in the acoustic field. The extrapolation procedures consider the
attenuation of sound due to spherical divergence, atinospheric absorption, and the turbulent
boundary layer near the ground.

If the acoustic impedance of the ground is known, the interference phenomena due to ground
reflection can be estimated (sec. 5.1.3.2 and app. A). Otherwise, it is assumed that the observed
noise levels will be typically free-field plus 3 dB--the nominal effect of ground reflection.

5§.1.1.5 Scaling

For cach noise component, it is assumed that the noise and the thrust from different
powerplants can be scaled for comparisons, if the powerplants pass equivalent mass flows when
operating at the same gasdynamic conditions. The scale factor is determinced from mass flow
measurements:

13
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: : 1
Scale Factor = m @

where (), ﬁlz) are the mass flows of two different powerplants operating at identical gasdynamics,
i.e., Mach number and temperature. Thus, the acoustic and performance data for engine two can be
scaled to engine one by multiplying all linear dimensions, including acoustic wavelength, by the
scale factor. Note that acoustic frequency is inversely proportional to wavelength. Since thrust is
proportional to area, it scz}}et\ with the square of the scale factor.

5.1.1.6 Multiple Engines

For multiple engine aircraft, an increase in noise is observed over that predicted for a single
engine. If N identical sources are present with no interference, the increase is

Ade = 10 logw(N) (2A)

However, it has been found (refs. 7 and 10) that the increase in noise predicted by equation (2A) is
too high for sound which propagates near a jet exhaust of an adjacent engine in order to reach the
observer. An empirical relationship has been developed (ref. 10) for predicting the changes in
aircraft-generated sound attributed to the attenuation/scattering/refraction effects caused by jet
effluxes. This effect is expressed as a function of the number of identical engines N, azimuth angle
¥ and elevation angle B, shown in figure 4. The formula is

8 ° 010.8
Ads = 10 - 20 [COS (90° [ £y/90°] )] L0G, o(N) (2B)
1+ (1 +COT \}6)

This assumes that the engines have co-planar exits and that their centerlines lie on a common plane.
Scant information is available for establishing the influence of fuselage/wing shielding. For
conventional jet transports; i.e., engines mounted under the wings, the effects have not been
observed. Other types of engine mountings require additional tests.

5.1.1.7 Flight Effects

The effect of aircraft motion for jet noise is accomplished by the use of the jet velocity relative
to the ambient air (ref. 7) as the key parameter, instead of the jet velocity relative to the nozzle.
However, an exception to this rule occurs when predicting the jet noise for an augmentor-wing (sec.
5.2.2.4). The overall sound pressure level data for this noise source (ref. 11) is normalized with
respect to total temperature and nozzle pressure ratio. The effect of airplane speed on this
component is at present unknown, because part of the jet noise is generated inside the augmentor

15

SPRUCIN U ~

e e e e




[ . i
i e it ot e

2 e e

S

bt L

o -

flap and part is generated outside. In order to determine the effects of motion, a flight or wind
tunnel test is required and the resultant acoustic measurements should be compared to that for an

equivalent static test, i.e., free-stream velocity equals zero.

The other noise component (core, turbine, fan, rotors, etc.) procedures account for the motion
of the source by utilizing the results from theory (refs. 12 and 13). The sound pressure level spectra
are Doppler-shifted, and a level correction, 10 logyg (1 - Mg cos £ )1, is applied. The value for the
exponent, n, varies with the type of source being considered. Additional detail on the corrections

for flight are presented in section 5.2.

5.1.2 Geomet:y Solution
The first step in the procedure is the geometric solution for the aircraft/source position versus

time. This is required for extrapolating the index/free-field spectra to the observer and for
computing the non-axial-symmetric noise characteristics of each source. The analysis for this

solution is shown below:
Required Data (see fig. 6)
GRAD Climb gradient, i.e., tan @ for Z2Lg
X Sideline distance
Zy Airplane height above the ground whenat Y=0

Zp Observer height 2bove the ground

3 Angle between the flight path and sound propagation path

Ca Average speed of sound over the propagation path. This value is approximated by

CA:EO.S (CZO"’CZR)
where Czq and CzR are the local speeds of sound at altitude Zg and Zpg,

respectively

Speed of sound at aircraft altitude, Z. This value is approximated by

MO Aircraft Mach number

16
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Results (see fig. 6)
(Y, Z) Aircraft coordinites
P Sound propagatior. path distance

AP/P  Relative increase in path length for ground reflected signal

B Angle of incidence for ground reflected signal relative to grazing incidence
g2 Elevation angle used in extra-ground-attenuation formula
T Retarded time when sound is generated relative to the visual overhead reference;

i.e., aircraftisat Y=0

t Time the observer hears the acoustic signal relative to the visual overhead
reference

Unit Vectors
AAA
G,5, k) (X,Y, Z) coordinate system

A

S Direction of flight
A AL
S=cos@ )+sind ﬁ

II;N Direction of sound propagated
A A A A
PN=-(Xl+Yj+an)/P
with ZN =7Z- ZR

The basic approach in obtaining a solution for the flight path geometry is to solve the three
governing equations below for the distance Y, which yields a value of Z greater than or equal to Zp.
If the solution for Y yields a value of Z less than Ly, itis assumed that the climb gradient is zero,
corresponding to the noise source being at the observer height.

A A

Pcosk = PP -S
= =[Y cos® + (L - Zp) sin@] (3A)
pl = X v2 e (1 -12)° (3B)
/4 3 Z@ + Y tan® (30)

P e e - . - ~ - - . — B O
. y B




; 4
|
b
b A value for Y is obtained by forming the quadratic equation (4), from the substitution of
y equations (3B) and (3C) into the square of equation (3A). Simplification yields
] )
s a¥?-bY+c = 0
v ’ where
i
) a = (sin§cos)>
X b = 22, tané sin’
¢ = Z,,2sn% - (X2+Zy P cos?t
Zpo= Zo-Ir
b
The roots of equation (4) are then given by
Y=Q *Q
b
with
Q = b/(2a) = 0.5 Z,, sin (2 6)

,, o - Var

Qy = cos@ X2 + Zno cosO)zltan§

Substitution of both roots into equation (3A) eliminates the erroneous (Q + Qy) root and

2 gives the solution

2 3)
) ' After Y is deternmined, Z and P are computed using equations (3C) and (3B) respectively. The
", 8! increase in path length for the ground reflected signal is computed by

o ap /P = Yr+l-1  for|r|>e (6A)

”‘] @ N‘L’“@ Bk for |r| <€ (6B)

[ K=1
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where

w/ 45
4ZZR/P2
0.8 r

r

&

) 2K - 1
By = P By (S—)

A}

Once the distances are determined, the angles used in the extrapolation formulas are

defined by
= -1 * , )

with 2% = 7412

B, = sin”' [2,/P] ®

Next, the time that the sound is generated and observed is computed relative to the aircraft
~eference position (X, O, Z,), shown in figure 6. The ~esulting formulas are as follows;i.e., let

as? = ¥4 (z-12,)°

(9A)
[sign of Y] -stz

ds / (M, C;) ©9B)

1]

dsS

T

[}

t = T+ (P/Cy

This completes the geometry analysis required for noise extrapolation. If the orientation angle
Op) of the noise source reference system is given, (see fig. 4), the complete geometry for noisc

peduction is determined using
prédictigu

Vv = directivity angle
s cos"l[ (¥ coss; + Iy sinaE) / W] (10A)




¥, = azimith angle

= :an"[ Xt / - (Y cosgg + Zy sinsE)] (10B)

o a,= elevation angle 4
P = tan™! [ IY sing - Zy cossgl / Xl ] (16C) f
- &

*NOTE* 90°< VY <  180° when (Y cosde * Iy smse)
is positive.
13 5.1.3 Noise Extrapolation

The predicted noise components are treated as free-field (index) spectra at a reference distance ‘
of one meter. The techniques for extrapolating from the source to the observer are basically the
same as those used during Phase A of the contract (ref. 4) with the exceptions listed below.

1) Extra-ground-attenuation (refs. 7 and 8)
2) Multiple-engine effect (sec. 5.1.1.6)
3) Ground reflection (refs. 14 through 19)
A revision of the extra-ground-attenuation methods was made to refiect information obtained
from recent JT8D flight test data (unpublished) and to match the standards (refs. 7 and 8) more
& closelv.
7he multiple-engine effect can cause non-axial-symmetric radiation patterns; therefore, it was

removed from the extrapolation step and included as part of the prediction methods for each ncise
‘ component (sec. 5.2).

A theoretical ground reflection procedure has been included as i user option (sec. 5.1.32). If
the impedance of the reflecting ground plane is known, the user of the noise source prediction
computer program can estimate the effects of this interference phenomena instead of using a 3 dB

L addition to the free-field spectra.
ad Thus, the noise extrapolation procedures contain the following four items (see fig. 6).
> ‘h ' 1) Spherical divergence (ref. 7) ' 20 logy o(P/Py)

where l’0 = | meter
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2)  Atmospheric absorption where a(f) a(n | P/1000]

is 1he average loss coefficient

(dB/KM) over the propagation path.

This parameter is a function of

frequency, ambient temperature,

and humidit s (ret. §).
3)  Extra-ground-attenuation EGA (f. P, B5)

. . ap g L1 K
4) Ground reflection GRIf.P.==. "1, 5 %

(eS8 7 %)

where (Z1/Zg) and (K /Kq) are
the normalized impedance and
wave number respectively for
the grourd.

References 5 und 7 provide all necessary detail on spherical divergence and atmospheric
absorption. respectively. Hence these items are omitted from further discussion here.

5.1.3.1 Extra-Ground-Attenuation (EGA)

The best available standard, in a form useful tor prediction, is contained in reference & This
report (based on an average of a large number of measurements) provides a procedure for
calculating ¢ xtra-ground-attenuation as a function of distance, frequency, elevation angle, and wind
dircction. This attenuation is thought to b¢ due to a combination of two effccts: refraction due to
wind and temperature gradients: and dispersion due to the turbulent boundary layer. The latter is
nearly always present; however, the former dominates for upwind propagation. Unfortunately, the
reterence defines the FGA Tor only a single wind velocity -10 mph. In addition, the phenomenon is
defined only at source/obscrver heights of 1.73 .ncters (6 ft.) for up-wind propagation. According
{o reference 8 the attenuarion is essentially constant in the downwind sector (cone angles greater
than 120%). Because of the limitations, it has been common industry practice to use downwind
propagation for wind speed of 10 mph as a standard.

Using this standard, EGA is a function of distance, frequency, and elevation angle. Data are
shown in reference 8 at clevation angles of 0-2°. 10°. and 20°. During Phase A of’ the contract, this

data was represented by a function of the following form:

EGACL, P. B5) = EGA(T, P. 0") exp |-K() tanBs]
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where

EGA(, P,0") = EGA at 0-2° elcvation angle

f = frequency

P = distance

By = elevation angle

K(D = is chosen to fit the data at 10° and 20°

This function was modified during the Phase B effort because it predicted substantial amounts
of EGA at high elevation angles, a phenomenon not observed during flight tests; e.g., nearly 2 PNdB
at B: = 30° for 0.25 N.Mi. sideline noise estimates. During the JT8D Retrofit Feasibility Study for
DOT/FAA, a large number of noise measurements were made at various aititudes from 122 M to
2750 M and at several thrust values. A minimum of three flights were made at each altitude and
thrust. Frum a preliminary analysis of the data, it appears that EGA approaches zero at elevation
angles greater than 45° In view of the above, a third formula, which goes to zero at 45°and linearly
connects the data in reference 8 was chosen until better data becomes available. The formula is

EGA(f, P, ) = EGA(f. P, 0) F(By» f) an

where EGA(f, P, 0°) is obtained by linear interpolation with respect to log(P) and log(f) on the data
given in table 2. The function F(8,, ) is shown in figure 7 and is tabulated in table 3.

$.1.3.2 Ground Reflection

The particular model considered is a point source, homogeneous media (air and ground), and a
smooth/infinite/reflecting plane with complex acoustic wave impedance based on the acoustic
analog ¢o that in clectromagnetic theory (refs. 14 through 19). From this model. it has been found
that the reflection effects are quite sensitive to the aircraft/obscrver geometry, the source
frequency, and wave number ratio (K/Kg) ond the normal impedance (2/Zg) of the ground.
Complication arises because the values of these last two parameters are not common knowledge for
various types of terrain. If the parameters ZI/Z" and KI/KO are not known but only guessed, the
predicted ground reflection effect can make the Effective Perceived Noise Level more in error than
that obtained by simply adding 3 dB to frec-ficld data. However, this phenomena does deserve
study because its spectral cffects are significant. A detailed analysis for the optional ground
reflection procedure incorporated in the computer program is provided in appendix A.
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TABLE 2.~TABULATION OF DATA
0’ ELEVATION ANGLE—-

Reference:

b ey | Lo qo (P zEs T 70256 | z.aza’lé‘o‘%mz'f'e%’s‘ 12,9287
£ 0.0 0 n 0 0 0
100 2.0 0.2 0.3 6.5 0.6 0.7
140 2.1761 0.3 0.5 0.6 0.8 1.0
200 2.301 0.5 0.7 1.0 1.2 1.5
300 2.41N 0.7 1.1 1.4 1.8 2.2
400 2.6021 0.8 1.5 1.9 2.4 2.7
600 2.7781 1.1 2.1 2.6 3.2 3.6
800 2.90N 1.5 2.5 3.2 4.0 4.8
1000 3.0 2.0 3.0 4.0 5.0 6.0

1400 3.1461 3.0 4.3 5.6 7.1 8.5
2000 3.3010 4.2 6.0 7.7 9.7 na
3000 3.47N 5.0 7.0 9.1 1.2 13
4000 3.6021 5.0 7.1 9.7 11.8 14.0
6000 3.7781 5.0 7.2 9.9 12.0 14.6
BSOOO ’E3.)9031w 5.0 7.2 10.0 12.0 14.8

37.5775 | 75/150 | 150/300 | 300/600
OCTAVE BAND LIMITS - (Hz)

Figure 3 of SAE AIR £76

e e e

3.2297 thru
. 3.8318
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1 4800/9600
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FIGURE 7.—-DECAY FACTORS FOR COMPUTING EXTRA-GROUND ATTENUATION
(COMMERCIAL OCTAVES)
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TABLE 3.—DATA POINTS FOR EGA DECAY FACTOR

5‘2'“1’;' X EGA DECAY FACTORS, F(B,, §)
0 1.0 1.0 1.0 1.0 1.0 1.0
2 1.0 1.0 1.0 1.0 1.0 1.0
10_ .186 .297 .352 .406 .468 .534
20 .163 .183 .88 .198 .214 .235
45 0. 0. 0. 0. 0. 0.
90 0 0. 0. 0. 0. 0.
1 2 3 4 5 6,7,8
COMMERCIAL OCTAVE BAND NUMBER
«NOTE* Values in Tahle above were obtained from Figure

4 (Appendix 2) of SAE AIR 923.

was minimized by using
- . 2
F = J_ AdB = AdBl / EAd%x

for Taﬂges P = 250’ 350‘ 500' 700| 1000, 1"009
2000, 2800, 4000 feet.

The AdB error

SEaha
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5.1.4 Lining Treatment

Current technology in predicting the attenuation of acoustic linings incorporates a combina-
tion of experimental correlation and theoretical analysis. The acoustic wave attenuation analysis is
based on a rectangular duct with mean flow and boundary layer effects. Equivalent duct heights for
non-rectangular duct geometries are obtained by equating flow areas, treated areas, and duct
lengths. Far-field attenuation directivity corrections have been obtained from engine ground
test data.

In the application of this technology, three types of prediction procedures of different detail
and complexity can be identified. These three types are (1) prediction of the attenuation spectrum
for a given lining design, (2) prediction of the lining parameters for a given duct configuration where
the attenuation of a noise spectrum is maximized, and (3) prediction of the attenuation spectrum
for a given duct with lining parameters unspecified, but assumed to be chosen such that the
attenuation of a given noise spectrum is maximized.

The first kind of prediction (1) can be made relatively inexpensive by the solution of the
equations governing wave propagation i a lined duct of somewhat idealized geometry, leading to
solutions which compare reasonably well with data. To accomplish the second kind of prediction
requires an optimization program. The optimization program iterates the procedures contained in
the first kind of prediction (1) resulting in the optimum lining parameters that maximize the
attenuation of a noise spectrum. Although optimization programs exist, they are too costly to run,
except in final design of a lined duct configuration.

The greatest need for predictions are of the third kind, which arise in trade studies, where the
effects of such parameters as inlet length, number of splitter rings, and engine choicc are
investigated. For these cases, a simplified procedure which uses attenuation spectra corresponding
to optimized linings is used. These attenuation spectra are somewhat idealized, i.e., made to
conform to a standard shape in order to avoid the expense of an exact calculation. Experience with
this approach, though approximate, shows good correlation with results from detailed predictions
for perceived noise level reductions. This approach has been incorporated into the computer
program. The following discussion pertains fo the type 3 nrediction procedure.

This procedure encompasses two types of optimized linings: single-layer and double-layer. The
single-layer procedure gives the user two options. The first option considers only a single design
point; i.e., fixed engine conditions. The second option considers multiple-design-points; i.e., the
engine conditions vary over a limited range. A compromise between peak attenuation and
nandwidth is made because the lining is expected to attenuate tones that track with the engines’
shaft speed (rpm).




For double-layer linings, an increase in bandwidth can be realized with the same peak
atienuation as that given by single-layer linings. Thus, double-layer linings can be used for the
multiple-design-point option described above, to provide the same perceived noise level reduction
for a slightly less amount of lining a.ea.

The source noise computer program contains lining attenuation calculation procedures as an
option for lining treatment of the following noise components:

1)

2)

3)

4)

5)

6)

Compressor and inlet fan
Discharge fan

Lift fan

Core and turbine
Ejector-suppressor jet noise

Slot nozzle with augmentor-flap jet noise

Within these procedures, there are several methods available for calculating the lining
attenuation spectra. These methods are as follows:

1)

2)

3)

For each target frequency, the user defines the magnitude of maximum attenuation and
the percentage of the total area that is treated. The program then determines the
spectrum shape.

The user dufines the effective duct height, the ratio of apparent treatment length to
effective duct height, and the percentage of the total area that is treated for each target
frequency. The program then determines the spectrum shape.

The user defines the geometry of the lining in terms of the length and radii of cylindrical
walls, and the percentage of the total area that is treated for each target frequency. The
program then determines the spectrum shape.

The user is limited to the configurations shown in figure 8 when defining the linings

geometrically.
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a) CIRCULAR DUCT
. e —
FZ”"””””:’:'T (Number of walls = 1)

(H = R)
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b) ANNULAR DUCT

(Number of walls = 2)
Innermost and outermost
walls are lined on one
side.

(H = R] - Rz)

U U

f——14 —e] ¢) “n" CONCENTRIC WALLS 4
== (Number of walls = n)

=y Innermost and outermost

walls are lined on one

side, interior walls are

1ined on both sides.

(Hnol = Rpy - Rn)

§
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FIGURE 8.—LINING GEOMETRY
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The lining attenuation prediction procedure involves the successive use of five figures. These
curves consider duct geometry, treatmen( area, target frequency, speed of sound, duct Mach
number, attenuation over a range of power settings, attenuation spectrum shape, and directivity
angle. Depending on user requirements, any or ail of the procedures may be used. The use of each
figure is explained in detail below.

Figure 9 is an estimate of the peak attenuation obtainable for an optimum single-layer lining at
a single power setting and a zero Mach number. The required data are:

1) L/H One half the ratio of actual treatment area to duct cross sectional flow area.
Actual treatment area is typically about 65% of that which would be calculated
from a nacelle half-section drawing. L is the apparent treatment length. H is the
effective duct height. See sketch for example.

L Inside of outer cylinder is lined
Outside of inner cylinder is lined
H .

2) ftH/c Non-dimensional target frequency, where f; is the target frequency for peak
attenuation, and c is the speed of sound.

Figure 10 shows the variation of the single-design-point peak attenuation with the duct Mach
numbei. However, it should be remembered that these curves represent optimum linings at the same
frequency and different Mach numbers; not the same lining at a different Mach number, as is the
case in typical duct data and theoretical an: iysis.

Figure 11 shows the compromise when a lining is designed to operate effectively over a range
oi power settings—the usual case. The correction factors cause a reduction K in peak attenuation,
but an increase in bandwidth by an amount (1/K) or (1/K) respectively for single or double layer
linings. The inlet mode attenuation is compromised more than the exhaust mode because, as the
power setting is changed, the engine blade passage frequencies and the peak lining attenuation
frequency shift in opposite directions foi the inlet mode, and n ihe same direction for the
exhaust mode.

Figure 12 gives the attenuation spectrum shape. This is used to obtain the attenuation of
cound at frequencies other than the target frequency. It is considered representative of an average
single-layer-lining case: the reasonable compromise between the maximum obtainable attenuation at

ey
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(4dB)y /{AdB)g FOR SINGLE DESIGN POINT
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the target frequency and the requirement for attenuation bandwidth using the single-design-point
option. To approximate the use of the multiple-design-point option or the use of double layer
linings, the bandwidth is increased by multiplying the argument in octaves, logz(flfT), by the factor
(Kor K'), shown in figure 11.

Figure 13 gives the far field directivity correction to apply to the attenuation spectrum. Figure
14 shows a comparison between the predicted attenuation and the experimental data.

5.1.5 Configuration Corrections

The effects of fuselage/wing shielding and reflection have not been deiined due to the scarcity
of information on the influence-of engine placement and, furthermore, it is expected that these
effects are small for conventional jet transports. However, any radical change in engine location,
e.g., over-the-wing-mounting, or use of suppression devices, etc., could result in a substantial change
in noise level and require corrections to be employed. Since there is no way to anticipate the
changes in airplane/engine configurations, the approach taken here is to let the user of the prograin
define corrections for each noise component.

The corrections prescribed by the user for each noise component can be used for:(1)a AdB
to be subtracted from the overall sound pressure level or (2) AdB’s to be subiracted from the noise
spectrum. The program permits the corrections to vary with the directivity angle, ¥ . If the
Doppler-shift option is selscted in predicting a noise component, the program assumes the
corrections are representative of that obtained fro.n a static test and it will Doppler-shift the
prescribed correction spectra.

5.1.6 Summation of Commponent Noise

The problem is structured to permit the calculation of the datum spectra for each noise
component on a common reference sphere at angles 10°,20° . . ... , 170°relative to the flight path.
Thus, individual noise components are added together ir the usual manner for logarithmic
guantities. As cach noise component is determined, the total noise for all the sources is accuniulated
using equation (12) below. The result represents the total sound radiating toward the observer at
each aircraft position considered. Further detail on the prediction of the component noise for each
source is given in section 5.2.

M
a4 SPL
SP = |0 K
\ Logm[éj o™ ] -
TOTAL EACH

COMP.
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3.1.7 Output for Noise Contour Estimation

One of the requirements of the noise prediction computer program is the linkage of its output,

a data table, with the noise contour program. The output variables fo

below and illustrated in figure 15. The iormat used for the output file is (1PE12.3, 3E12.3).

r the data table are listed

NL Noise level (EPNL or PNL maximum) corresponding to each district combination of

values for EPP,@, LR.

EPP Engine performance parameter. This variable is to be specified by the useras a correlation
parameter for nosse and may correspond to engine pressure ratio, jet velocity, engine
speed (rpm), etc. During Phase A of the contract, this parameter was engine pressure ratio

(ref. 4).

a Elevation angle in degrees (vef. 4). 1t is computed as [a= cos-! (X/P)] where P is the range

at the closest point of approach (fig. 6).

LR Logarithm (base 10) of the range at the closest point of approach (CPA). It is computed

as loglo(F) when £ is equal to 90° (fig. 6).

5.2 NOISE SOURCE ESTIMATION

The computer program has been generalized to accomodate several different ty

pes of noise

sources associated with current and future aircraft. The following list describes the types of noise

source prediction modules that have been included in the “Noise Source Computer Program.”

1) Measured Data

2) Jet Noise
a) Single exhaust nozzle
b) Co-annular exhanust nozzles
¢) Ejector/Suppressor nozzle (JT8D design)
d) Slot nozzle with augmentor flap (STOL)
¢) Externally-blown flap (STOL)

3) Core and Turbine Noise (Turbojets/ Turbofans)
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Reference

7, 20, and 21
22

23, 24, and 25
11, 26, and 27
28 and 29
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VARIABLES

1) WL A THREE ~DIMENSIONAL DATA ARRAY OF NOISE LEVEL
AS A FUNCTIOW OF (EPP, LR, O ). THE NOISE LEVEL
VALUES REPRESENT EPNL OR PEAK PNL, ETC.

2) EPP A ONE-DIMENSIONAL DATA ARRAY OF ENGINE PERFORMANCE
PARAMETER VALUES FOR THE (NL) ARRAY,
3) LR A ONE~DIMENSIONAL DATA ARRAY OF LOC\m( RANGE AT CPA)
. VALUES FOR THE (NL) ARRAY,
00 A OHE-DIMENSIONAL DATA ARRAY OF ELEVATION ANGLES

FOR THE (NL) ARRAY,
ANOTE® DATA ARRAYS (NL, EPP, LR, G ) DEFINE THE THREE-DIMENSIONAL
TABULAR FUNCTION, NL. = fy(EPP, LR, @& ) THEDATA CORRESPONDS
70 LEVEL FLIGHT AT A NOMINAL AIRCRAFT VELOCITY, AND
DIRECTIVITY ANGLE W OF PEAK NOISE RADIATION,

LEVEL
FLIGHT

NL

INTERSECTION

wv /-

.—’.
_ -~ OBSERVER /
]

—e-| R

FIGURE 15.—ACOUSTIC DATA FOR NOISE CONTOUR COMPUTER PROGRAM
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4) Compressor and Fan Noise
a) Convertional turbojets/turbofans
b) Lift-fans 30 and 31

5) Propeller, Helicopter and Tilt Rotor Noise
a) Empirical propeller procedures 32
b) Theoretical propeller/rotor procedures 33 through 38

All, or any subset, of the modules available can be used for noise prediction. Each module may
be called up to a maximum of three times, corresponding to an aircraft having three different types
of engines mounted on it. This restriction does not apply to the number of engines of the same type
and orientation angle, 6.

In each noise prediction module, the known non-axial-symmetric characteristics in the
radiation patterns are considered in the calculation. of the datum spectra (free-field, index); e.g., the
multiple-engine correction formula equation (2B) in section 5.1.1.6. This also includes any user
specified installation effects (sec. 5.1.4 and 5.1.5) on the radiation patterns. Other factors
considered are flight versus static conditions; relative velocityy, Doppler-shift, etc., (sec. 5.1.1.7 and
fig. 4). The optional use of lining as a suppression device can be included in the modules; 2c, 2d, 3,
and 4 listed above.

As evident from the options available, the user of the program can predict the noise for almost
any aircraft presently flying, and some which have not been built yet. However, empirical
procedures have their limits and failure is anticipated. (The complexity of the types of aircraft
presently being studied could also be the limit.) For these cases, a module has been included to
accept measured data to provide more accurate results when one or more of the models presented
are considered inadequate.

5.2.1 Measured Noise Data

Since measured data is generally more reliable than that obtained from current prediction
procedures, the capability of including measured data in the computer program is available. The
measured noise is assumed to be sound pressure level spectra, SPLS, given in dB re ZOMNIM2 asa
function of three or four variables for axial-symmetric or non-axial-symmetric type sources,
respectively. The independent variables are frequency (eight preferred 1/1 octave bands or
twenty-four 1/3 octave bands defined in table 4), some prescribed engine performance parameter,
directivity angle (%), and clevation angle (By)- Prescribed spectra are assumed to represent far-field
noise extrapolated back to a free-field, index condition. Thus, the jevels can be treated as
independent of local ambient conditions.
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TABLE 4.—FILTER BAND DEFINITION AND ATMOSPHERIC ABSORPTION
AT 45.7 m (150 FT) FROM A SOUND SOURCE

TYPE OF BAND CENTER FILTER [§:> ABSORPTION [I::H ATMOSPHERIC s
ANALYSIS NO. FREQUENCY LIMITS COEFFICIENT ABSORPTION
f o (f) Ads
(Hz) (Hz) (dB/KM) (48)
1. PREFERRED 17-19 63.1 44.7/89.1 0.2 0.
FULL 20-22 126. 89.1/178 0.6 0.
OCTAVES | 23-25 251. 178/355 1.2 0.
| 26-28 501. 355/708 2.4 0.1
29-31 1000 708/1410 4.9 0.2
32-34 2000 1410/2820 10.2 0.5
35-37 3980 282075620 25.7 1.2
38-40 7940 5620/11200 47.3 2.2
2. PREFERRED |17 50.1 44.7/56.2 0.2 0.
(1/3) 18 63.1 56.2/70.8 0.3 0. |
OCTAVES 19 79.4 70.8/89.1 0.4 0. :
20 100. 89.1/112 0.5 0. ;
21 126. 112/141 0.6 0. ,
22 | 158. 141/178 0.8 0. ;
23 I 200. . 178/224 1.0 0. .
| 24 251. 224/282 1.2 0.1
P25 316. 282/355 1.5 0.1
26 398. 3557447 1.9 0.1
27 501. 447/562 2.4 0.1
28 631. 562/708 3.0 0.1
29 794. 708/891 3.9 0.2
30 1000 891/1120 4.9 0.2
3 1260 1120/1410 6.2 0.3 ;
32 1580 1410/1780 7.9 0.4 .
33 2000 1780/2240 10.2 0.5 [
34 2510 224072820 13.5 0.6 i
35 3160 2820/3550 18.4 0.8 |
36 | 3980 3550/4470 25.7 1.2 '
7 5010 4470/5629 3.5 1.4 :
38 6310 5620/7080 43.2 2.0 5
39 7940 7080/£910 63.8 2.9 :
‘ 40 10000 8910/11200 91.8 4.2
| i

r ~
R 15°C, 70% Relative Humidity
)2

> X(f) x 0.0457 KM

3> frequencles iisted are exact to three significant digits. Often conventional
1istingsvound to two significant digits for convenlence (ASA $1.11-1966).
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The computer program’s function is to interpolate on these data at specified aircraft operating
conditions and extrapolate the spectra to the observer. No effort is made to scale, correct for
aircraft speed, etc., because no information is known about the type of sound source the noise
represents or the measurement conditions in which the data were obtained.

5.2.2 Jet Noise

For the procedures presented in this report, jet noise is defined as the noise generated by jet
flows as they exhaust into the atmosphere. The actual noise generation is thought to take place in
the flow regions where the jet flow interacts with the atmosphere. The noise generated upstream
:,.sude the engine is discussed in sections 5.2.3 through 5.2.%4,

In the case of a single jet, the noise producing regions are shown shau in figure 16. In the
past, the noise produced by this jet was correlated with three parameters—density, area, and
velocity relative to the ambient air, yielding considerable success in predicting maximum passby
noise of turbojet engines (refs. 4 and .

However, turbofan engines have replaced the turbojet engines as the most common power
plant for todays air transport fleet. The new turbofan engines are considerably quieter than the
turbojets and the jet noise produced by the newer engines has been observed to differ from that
predicted by the SAE procedure (ref. 7). Clearly, a revised procedure was necessary. During Phase A
of the current contract, a relatively “crude” revision was made (ref. 4), but the subject demanded
better precision for estimating time-integrated subjective measures, as prescribed for the Phase B
part of the contract. This required prediction of noise at several angular positions relative to the
inlet centerline, instead of just at that angle where the maximum noise occurs. For the case of lift
jets attached to an aircrafts fuselage, it was of particular importance to calculate the relative jet
velocity vectorally as shown in figure 4, section 5.1 because an increase in jet noise occurs with
crossflow imposed on the jet, ie., the relative jet velocity is greater than that without crossflow.
The procedures presented here for jet noise are empirical and represent the state-of-art in solving
this problem.

Before the noise prediction procedure for a single jet is presented, it is worth noting some
technological developments (ref. 39 through 41) that are taking place at this time which could
result in a more comprehensive prediction procedure. Figure 16 shows the noise producing shear
regions in a single jet and the corresponding relative acoustic power level as a functior. of distance
from the nozzle exit plane. This distribution of energy can be further broken down with respect to
frequency f/f, and position X/X, as was done :r. references 39 and 40. Hence the noise producing
regions appear to be structured and not random as previously believed. Thus, it may be possible that
a one-dimensional source distribution model can be developed for predicting the noise in a far-field.
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This math model could then be used to correct ground static noise data to a point source, and
eliminate the parallax errors that occur in extrapolating the data to oth.: positions in the acou «
9 field. The model could also be used to simulate flight conditions from ground static tes's by
o accounting for the change in potential core, velocity. etc., that cause a spectrum shift with flight
speed. The present SAE nractice (ref. 7) gives two spectrum shape curves fu7 flight and ground
static predictions when in theory there should only be one.

In addition to the abcve, a better normalization of jet noise results when the acoustic power is
related to the mechanical power, convection Mach number, density and temperature ratios as
outlined below in equation form and illustrated in figure 17.

Total acoustic power,

o W () (T
My~ W (%) (F2) Me 13)

where the one-dimensional jet flow parameters are

. h A A 2

W, = mechanical power = (ﬁ) |V 3 VOI

P = mean density ratio

Po

Ts .

T =  mean static temperature ratio

SO
o M, = mean convection Mach number
— A A
= 0.5 \VJ-Vo‘/CJ
m = S for quadrupole sources
- A - . -
Vy = et velocity vector relative to the nozzle
D A
1 Vo = nozzle velocity vector relative to ambient air -
Cy = mean speed of sound in the jet
. A
m = massﬂow=PA|VJ|
& A =  discharge area
! l
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DATA FROM FIGURE 5C OF REFERENCE 20
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YR FroX | o~
ARET *
x {700 | 1260 a
00 F—] A | 589 | 1089
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o o 36 | e60 "
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3 o|=n | s _ 3 SLOPE
P
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= 4
®n
h-J
=
=
o
- 4, A
e - w3 SLOPE J’
._..|._3 (UPSTREAM FACILITY NOISE)
~— 65
(]
>
—
2 REFERENCE CONDITIONS:
§ & DENSITY = 16.02 KG/M3 = 1 LBUMS —
2 o AREA = 0.0929 M2 1 #t2
2 TEMP.(T, ) = 298.2°K = 53.7°R
|§ DISTANCZ (R) = 03048 M = 1 ft.
55 VELOCITY = 0.3048 mps = 1 fp3
STATIC TEST: {5 = 0
v
025 03 0.4 05 06 07 08 09 10 15

MACH NO. ~ V)/C;

FIGURE 17.—SPACE-AVERAGED OVERALL SOUND PRESSURE LEVELASA
FUNCTION OF MACH NUMBER
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Equivalent forms of equation (13) are:

s | 9-Us | °
P \(IXa\" J- 0 ‘
NA~ °(l°o)(Tso) Co
A A -y
1
rCy Ts VJ-VO
L4 WO e asvin
Poco Tso Co

The above suggestions are preliminary and further work is required prior to i . _rporation into
the empirical procedures currently used. This should not be interpreted to imply that the methods
now used are inadequate and cause gross errors; but it does suggest that they will require additional
refinement to increase the rang: of application.

5.2.2.1 Single Exhaust Nozzle

In the present procedure (ref. 2/(\)), the noise produced by the jet of a single nozzle has been
correlated with relative jet velocity (V- Vo) as showmn in figure 18. This curve was developed from
the data given in reference 20 for a 2.54 cm diameter nozzle and was extended to match the
predicted results of reference 7 for velocities greater than 760 mps (2500 fps). In formula form, iie
space-average, overall sound pressure level is

A OASPL. ~ F(vp) + 10 Logm[(-,';'-!-)" %E] (14)

where

P is the jet density and the reference density, PR, is 16.02 KGIM3 (1 lbm/ ft3)

A s the fully-expanded discharge area and the reference area, A ». ¥ 0.0929 M2 (1 ft2)

VR is the magnitude of W 3" Vo)

n varies with Vp as shown in figure 19

Previous definitions (ref. 7) for the overall SPL used a P2 normalization instead of a pM term
used here. The value of n was determined by “force-fitting” the formula to experimantal data (ref.
20) so that the term, F(VR), was approximately proportional to VR8 for velocities less than

760 mps.
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The free-field, space-average, SPL spectrum for (1/3) octaves is determined from figure 20 as a
function of Strouhal Number.

SPL(f) = OASPL + F(SN) (15)
where
f = geometric-mean frequency for a pass band
SN = fif,
fo, = characteristic frequency = VR/ D,
DoZ = ér') A

Two spectrum shaping curves have been provided in figure 20 corresponding to the flight and
ground curves given by SAE (ref. 7).

Next, the SPL spectrum at a particular directivity angle (¥) is obtained by interpolating from
the data shown in table 5. This table was developed from data given in reference 21 and provides a
correction to add to the space-average SPL for the desired spectrum.

SPL(f) = SPL(f) + F(S, Vp» §) (16)
where
S = an effective Strouhal number to enter the table
= fDy/U,
U, = 304.8 m/s = 1000 fps

The results from cquation (16) represent the free-field levels for a sigle engine at 45.7M
(150 ft) from the source. The spectrum is corrected to the datum condition (P=1M) through use
of table 4.
SPL(f) = SPL(f) | + 33.2 +adB(f)

1M 45.7 M an

The effect of multiple engines of the same type and orientation is accomplished by adding the
correction (eq. (2B), sec. 5.1.1.6) to the result given by equation (17). This completes the
prediction of jet noise for a single nozzle.
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5.2.2.2 Co-Annular Exhaast Nozzles

For a co-annular jet, i.e., a jet with both primary and secondary flows, the noise producing
regions are shown in figure 21 and are defined as: (1) the inner shear layer, which is due to the
interaction between the primary and secondary flows; (2) the outer shear layer, which is due to the
interaction of the secondary with the surrounding air; and (3) the mixed flow region where the
combined jet flows have become fully developed turbulence.

For noise prediction purposes, the co-annular jet is considered to have the noise generating
characteristics of two independent single jet flows; one represented by the inner shear layer and the
second represented by the summation of the outer shear layer and the mixed flow region.

The noise characteristics of the inner shear layer alone are predicted first as though the
secondary flow was absent, i.e., the same as in section 5.2.2.1, except that the levels are then
adjusted to account for the presence of the secondary flow surrounding the primary flow. To
predict the noise of the outer shear layer and mixed flow region, it is necessary to calculate the
acoustical equivalent flow parameters for the secondary stream of the co-annular flow system. This
is a phenomenological, force-fit approach and it has no physical implications to the mean
one-dimensional flow parameters for the flow region being considered. These calculated parameters
are then used to predict the secondary flow jet noise as though it was a single jet. The predicted
noise of the total co-annular jet is the energy sum of that produced by the two flows mentioned
above (ref. 22).

Noise prediction for inner shear layer.—The noise from the inner shear layer is predicted in the
same manner as that described in the previous section 5.2.2.1 with the following exception. In the
step where the space-averaged SPL spectrum is calculated, (eq. 15), a correction term is inserted

PL(f) = SPL() + o4B(f) (18)
where
Vi1-Vpo ™
AdB(D = 10101 | “Vnnl
m = experimentally determined exponent (ref. 22) shown in figure 22
= F(Ay/A}. 1/
Vi Vyg = primary/secondary velocities relative to the nozzle
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ApAy = primary/secondary discharge areas
fy = Vy1/Dy
p? = A

Note: A singularity exists whenever Vi approaches Vy;. In the program whenever I(V 3
Vn)/V “! is less than 0.1, the inner shear layer is assumed to vanish and hence produces no noise.
Further, the above procedure has not beer verified for the case of Vj3 > Vj, but the computer
program still considers this a valid case.

Noise prediction for outer shear layer and nixed flow region.—In this step, the noise is
predicted in the same manner as that described for a single exhaust, section 5.2.2.1, except the

parameters (P, A, VR) are the acoustical equivalent terms defined below.

P

mean one-dimensional flow density of secondary discharge

A = A‘+A2

l+(A2)(szj

Ay/\V

v2_ v 2 1 J1

I n A

l+(—2)
Ay

VR2= V12°2VJ VO cos a+ V02

a = aﬁgle betwe-n gross thrust vector and the direction of motion
5.2.2.3 Ejector/Suppressor Nozzles

A multi-element suppressor nozzle is shown in figure 23. This modification (lobe or tubular
nozzles) of the exit hardware of jet engines can yield a considerable amount of noise suppression
when compared to a conventional circular discharge nozzle. The suppression is believed to result
from the change in turbulent mixing—an alternation of the turbulence scale and a reduction in the
mean relative jet velocity gradients (ref. 24), since an increase in induced secondary air is observed.
This implies an integration over the total volume of the jet. However, this is just a gross observation
of a very complicated phenomena. In fact, the processes are SO complicated that they defy
theoretical analysis. Only empirical methods have yielded feasible designs (ref. 25).




FIGURE 23.—MULTI-ELEMENT SUPPRESSOR ON TEST STAND
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For the purpose of jet noisc prediction, the noise from a multi-element nozzle can be
considerzad to consist of two parts—(1) premerging noise and (2) postmerging noise. The nre-merging
noise is generated in the region close to the nozzle where the structure of the individual jets can be
identified. The postmerging noise is generated in a region dowrstream from the nozzle, after the
individual jets and induced secondary air has merged into a single “uniform” jet of lower bulk
velocity. The high-frequency portion of the resultant total jet noise spectrum is usually dominated
by the premerging noise, while that of the low-frequency portion is associated with the postmerging
noise. The noise for each component is predicted in a manner similar to that of a round nozzle. The
total jet noise is then obtained by summing, on an energy basis, the spectra for premerging and
postmeraing noise.

When a shroud, commonly called an ejector, is added to the multi-element suppressor, an
increase in suppression can occuf, provided that the shroud length to diameter ratio, L/D, is large.
However, long ejectors have considerable weight, and losses in flight associated with them; hence,
they have not been studied in depth as a noise suppression item. Another approach (ref. 25) uses a
shorter ejector which incorporates lining to achieve the same result. Even this approach has its limits
because all the premerging noise does not propagate normal to the ejector walls, and only part of
the noise is intercepted by the lining. Further, only limited types of lining materials can be used due
to the thermal environment of the exhaust.

For short shrouds, L/D less than 2.5, without lining, no significant reduction in premerging
noise has been observed when compared to that of a “bare” suppressor configuration. This leads to
the assumption that the noise from a short, hardwall ejector/suppressor can be predicted in a
manner similar to that fora “bare” suppressor. This requires knowledge of the ejector performance,
however, because the presence of a shroud (ejector) imposes a constraint on the boundaries of the
premerging and postmerging regions. Ejector performance can be obtained by use of 2 theoretical,
one-dimensional, flow analysis if one assumes 100% mixing inside ihe shroud. Appendix B contains
an example of the parametric curves that can be obtained from the configuration shown in figure
24, taking this approach.

The present noise prediction procedure is essentially empirical. It is based on the analysis of an
extensive amount of round nozzle and suppressor noise data from the following types of tests:

1) Full scale JT8D, JT3C, JT4/J75 and JT12 static engine tests.
2) Model scale hot flow test (A = 45.6 cm?2).

3) Flight test for the 707, 727, and 737 airplanes.
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The results of the procedure are 1/3 octave band spectra at the free-field, index condition
described in section 5.1.1.2. The overall accuracy of the procedure is dependent upon the ability to
predict the premerging noise spectrum. This, in turn, depends upon the configuration of study. For
turbofan engines, e.g., the JT 8D, the procedure predicts this component low by approximately
5 dB. Apparently there is a velocity defect upstréam from the suppressor nozzle exit which
increases the turbulence in the jet for the JT8D configuration and hence increases the premerging
noise. The list in table 6 represent the tolerances in PNdB based on observations from ground static
tests, that can be expected for the procedure, provided that the area ratio¥ for the suppressor is
between 1.5 and 4.5. The area ratio is defined as total flow area (primary plus induced secondary)

divided by the primary discharge area at the suppressor exit plane.

Figure 25 shows a comparison of a sample prediction with measured data.

Postmerging noise prediction. _Consider the ejector/suppressor configuration shown in figure
24, The postmerging noise for the ejector exhaust is assumed to be similar to that of a conventional
circular jet. The techniques described in secton 5.2.2.1 could be applied; however, a slightly

different approach is taken here. The overall sound pressure level for a single engine is related to the
relative jet velocity, density of the exhaust, static temperature and discharge area. The relation is

0ASPL(Y) = Fq(Vps Y) + 10 legyg [(%Y(%Ys .%-\] 5

where
Fi(VR. ¥ ) is obtained from figure 26.

A A
VR = relative jet velocity = \V j-Vo \

Vy = mean one-dimensional flow velocity for the ejector exhaust
p = mean one-dimensional flow density for the ejector exhaust

Pp = reference density = 16.02 KG/M3 (1 tbm/ft3)

Tg = mean onc-dimensional flow static temperature

Tsr ™ reference temperature from figure 27
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TABLE 6.—TOLERANCES
Configuration
Engine type
Bare suppressor Eiector/suppressc:ra
Turbojet +2PNdB + 3 PNdB
Turbofans £+ 2 PNdB -2+ 3 PNdB

aghort. hardwall shrouds: L/D < 2.5.
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discharge area of the ejector

Ag = reference area = 0.0929 M> (1 ft2)

The 1/3 octave band SPL spectrum is calculated By adding the following corrections to the
OASPL, i.e.,

SPL(F, P) = ORSPL(Y) + F,(f/f) + Fyl(f/fo.¥) 20
where
F,(f/f,,) is obtained from figure 28
F3(f/fo, ¢ ) is obtained from figure 29

f

o characteristic frequency

Vj2 .
( —\%@) F4(Vg,¥) from figure 30.

D = ejector exit diameter = (%) A

When the shroud is removed, the one-dimensional flow parameters for the postmerging noise
region are difficult to define. This problem has been avoided through use of the one-dimensional
flow parameters for the suppressor exhaust. This approach resulted in an empirical correction term
being added to equation (19). The correction term is defined as a function of area ratio, AR, and
relative velocity, i.e.,

AdB =034 JAR-1Fs5(VR)

from figure 31, and the s“effective” one-dimensionai fiow parameters to use in equations (19) and
(20) above are:

Vy = velocity for the suppressor exhaust
p = density for the suppressor exhaust

Tg = static temperature for the suppressor exhaust
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 FREQUENCY SHIFT FACTOR

DATA SOURCE:
HOT FLOW MODEL
A = 45.6 CM2

bRl L L
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FIGURE 30.—FREQUENCY SHIFT DUE TO CONVECTION
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A = discharge area of suppressor
p = V&AAR

Premerging noise prediction. —~Consider the “bare” suppressor configuration shown in figure
23. The premerging noise of a single element, tube or lobe, etc., is assumed to be similar to that of a
conventional circular jet of the same discharge area. However, the individual jets for the
multi-element suppressor interfere with each other and alter the turbulent structure (ref. 24). By
dimensional analysis, the 2ffects of the interferrring jets have been related to the number of
eclements and the area ratiiy for the suppressor. From this analysis the space average, overall sound
pressure level for this component is defined empiricaily as

2 1.5
OASPL = o r TS ) ( A )
SPL FI(VR' 120°) + 10 10910 [(7,;) (T-S-R -FR- (1)

+ FG(N) + F7(AR)
where
F{(VR, 120°) is obtained from figure 26
Fg(N)is obtained from figure 32

F7(AR) is obtained from figure 33

Vg = Vj-(Vg-02Cq)

Vg = inguced secondary velocity
] @CO ground static
& ﬁ Cnin flight
Co = ambient speed of sound
N = number of elements
AR =  area ratio: (primary + induced secondary)/primary
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4nd the mean one-dimensional flow parameters Vy, P. Tg, A represent velocity, density, static
temperature, and discharge arca for the suppressor, respectively.

The overall SPL varies with the directivity angle, ¥, and is defined by
CASPL(Y) = ORSPL + Fg(¥) (22)

where Fg(¥) is obtained from figure 34.

Finally, the 1/3 octave band SPI. spectrum is obtained in a manner similar to that for the
postmergi:g nc\aise, except that the characteristic frequency, fo is typically higher and an apparent
‘ )
ohift 10 relative to the postmerging noise must be added to the directivity angle. 'hat is

SPL(F.Y) = OASPL(Y) + F,(f/F)) + Fa(f/f, ¥ + 10°) (23)

where
Fz(f/fo) is obtained from figure 28 -

F3(f/fo, + 10°) is obtained from figure 29

\£%
fo = VgD F4(VR, ¥ ) Fo(My)

effective element diameter = V(?,-') A/N

D

F4(VR,w) is obtained from figure 30

Fo(My) is obtained from figure 35

M; = Mach number of the suppressor exhaust.

When a hardwall shroud, L/D less than 2.5, is placed on the exhaust system, the performance
of the configuration changes and the induced secondary Mach number increases and typically varies
between 0.4 and 0.6 for the configuration studied in appendix B. For this short shroud, no apparent

shielding takes place and the premerging noise level has not been observed to change significantly.
However. this will niot be the case when the shroud is lined (see sec. 5.1.4).
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The total noise level for the “bare” suppressor, or the ejector/suppressor configuration is the
energy sum of the spectra for the premerging and postmerging noise components. The cffect of
multiple engines with this type of exhaust hardware is estimated by use of equation (2B) in
secton 5.1.1.6.

5.2.2.4 Slot Nozzle With an Augmentor Flap

An empirical noise prediction procedure has been developed for a typicai slot nozzle/
augmentor flap configuration shown in figure 36. The augmentor flap is unlined, but its geometry is
considered representative of that which would be used on an augmentor-wing STOL aircraft. The
procedure is based on the data obtained from model tests (ref. 11) conducted under NASA contract
NAS2-6344.

Unfortunately, during the time this procedure was being developed, the recommended nozzle
configuration for an augmentor-wing aircraft changed (ref. 26). This new nozzle was still a slot, but
incorporated a series of screech shields in the flow. The corresponding acoustic data was not
available for analysis during the present contract period and, therefore, the application of the
procedure given here is limited. It should serve as a baseline for further development in noise
prediction procedures for an augmentor-wing aircraft.

The current procedure is based on a static test program where the model was a 100 to 1 slot
nozzle with an augmentor flap positionied at 2 corresponding flap angle of 35° during takeoff.
Table 7 gives the particular range of test conditions considered and also includes that of a full-scale
equivalent augmentor wing configuration.

The full scale equivalent acoustic data was extrapolated to the index condition (R = 1 M) and
3 dB was subtracted to approximate free-field levels. The validity of the test data corresponding to
elevation angles, B, = 30° and 60° was doubiful. For these data, an average between the levels
measured on each side of thv model was used to approximate the free-field plus 3 dB condition. The
overall sound pressure level data were then normalized with respect to total temperature ratio,
nozzle pressure ratio, and nozzle discharge area for each value of the directivity angle (¥) and
elevation angle (B,).

This normalization yielded a series of straight line plots with respect to the logarithms of the
independent variables: PT/PS()' TT/TTO' and arca. Hence. a simple relation for the overall sound
pressure level was obtained by a least-squares-fit to the data with an R-M-S error of 1.7 dB. The

relation is

i

OASPL(Y 5 /3, ) 10 1 T () (’\- (24)
9 & o Qg F
’ ° 10 1\ Mo Fo/ \M

uf)b v B
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TABLE 7.—RANGE OF TEST CONDITIONS

Test Condition Model Full-Scale Eq.
(Scale Factor=6.4)

a. Nozzle Pressure Ratio(PT/Pso) 1.6 to 3.0 Same

b. Total Temperature Ratio (TT/TTO) 1.0 to 1.43 Same

c. Nozzle Discharge Area (A) 120.6 cm2 (18.7 1n2) 0.494 M (5.32 ftz)

d. Microphone Radius (R) 15.2 M (50 ft) 97.5 M (320 ft)

e. Geometric-Mean Frequency (f) 315 Hz to 64 KHz 50 Hz to 10 KHz

*NOTE* PSO ~ 1.0 S. ATM. = 2116 psfa

TTO = 296 °K = 532 °R

\'\I i ;' ;[ - e .__-r,_...U — ~-—~—__ e et



with the parameters:

a, = function of ¥ and B, from table 8
ay = function of ¥ from table 8

ay = function of ¥ and B, from table 8
AR = reference area = 0.494 M2 (5.32 ft2)

This relation is shown in figure 37 along with the corresponding data used to develop it. The
nozzle configuration upon which this analyses is based produced screech at nozzle pressure ratios
exceding two. No correction was made to the OASPL to eliminate the effects of screech. However,
the irregularities it produced in the spectra were “smoothed” in the development of a spectrum
shape formula.

The 1/3 octave band, spectrum shape formula was obtained by plotting (SPL - OASPL) versus
Strouhal number (ref. 7). The characteristic dimension of the slot thiat was used to calculate the
Strouhal number corresponded to the hydraulic diameter for the flow. However, a temperature
stratification was observed between the hot, TT/TT0= 1.43, and the cold, TT/TTO = 1.0, flow
data. To further collapse the data, a modified Strouhai number was used which included the total
temperature ratio as a factor. That is

SPL(Fs ¥ . Bo ) = OASPL(Y,f3,) + F(S) (25)
where
F@S) = spectrum shape curve shown in figure 38
S = modified Strouhal number = f/f,
" vr)(Tr Y’
fa = characteristic freguency =(—ﬁ-—>(i.~;6)
D = hydraulic diameter = 4 A/Perimeter
= 2 H/(1 + H/L)
(K,L) = slot height and length, respectively

o e L i Ll Rt B T
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TABLE 8.-FORMULA CONSTANTS ¥
q’ IB F] % 4 %2
(deg) (deg) (dB)
90 118.9 1.57 6.38 t
‘ 60 120.4 6.16
] 100 30 121.4 5.22
a 0 7.1 5.13
. 90 119.9 1.93 6.48
= 60 122.3 5.80
X 110 30 122.0 5.25
ﬁ 0 7.2 5.31
j -
ga% 90 12101 2.95 : 6.49
-1 i 60 124.1 I 5.52
‘ 120 | 30 122.3 | 5.07
h'i L0 118.6 | 5.04
f *t | ;90 120.9 283 | 607
A {60 123.8 5.67
, ]
= 130 30 120.7 5.3
- b0 18.7 5.54
5 90 128.6 2.53 4.83
. e
| 60 127.6 4.88
k 140 30 126.1 4.62
} 0 122.9 4.60
r - -
: 90 122.8 2.1 ] 4.95
_; 60 123.4 ! | 4.73
b 150 30 122.4 | ! 4.63
" 0 118.8 - v 5.15
, L 4; ‘
90 ©omess 1 205, 5.18
60 119.8 ' . 5.17
160 30 121.4 l 4.54
0 e 5.33
| ,[ .
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NOTES: 7o \1/ p. \32
» & =CORRELATION PARAMETER = ( T ) ( T > ( A >
Tro/ \Pso AR
WHERE (ag, 3 ;) = LEAST-SQUARES~FIT CONSTANTS FROM TABLE 8
b
 REFERENCE CONDITIONS: Tro = 296K (532°R)
Pso = STANDARD ATMOSPHERE (2116 psfa)
Ay = 0.094 W2 (532 FT)
g o FREE-FIELD, INDEX (R =1M)
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FIGURE 37.—OVERALL SOUND PRESSURE LEVEL CORRELATION
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A A
VR |VJ‘VOI

jet velocity relative to the nozzle

Iy

Although figure 38 shows a certain amount of data scatter, the scatter is largely due t- ground

- reflection and to screech for pressure ;atios greater than two. The dependence with respect to
variations in the angles, ¥, and 530 is weak. Hence, the use of a single curve is not expected to cause

serious error in human response estimates, such as perceived noise level.

Multiple sloi/flap configurations.—The use of multiple slot/flap configurations by STOL
aircraft can be broken down into a single “acoustic equivalent” slot/flap configuration, provided the
spacing between the slots is small compared to the slot dimensions, i.e., less than 10%. The sketch

below illustrates how this can be done.
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“Acoustically” this is approximately equivalent to

i
‘ =
(1]

#) where
_->”, w 4
.":"u:}. He = MH
L, = NL
. i 'Thus, the use of nultiple slot/flap configurations requires the change oi only two input variables in
the basic prediction detined previously, that is
B v A=MNHL
=
o D=2MH/{1+(MH)/(NL)) ;
‘ 89
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where H is the typical slot height, and L is the typical siot length. G

Required additional work.—Reflecting on some of the recent developments mentioned in
section 5.2.2.1, it is believed that a better formulation could result through use of different
independent variables than nozzle pressure ratio (PT/PSO) and total tempe.ature ratio (TT/TTO)
used in equations (24) and (25) above—namely static temperature ratio and convection Mach
number. The present procedure has not been validated for predicting the noise of an aircraft in
flight. These new variables would give more insight as to how the effects of flight could be
5 predicted. Further work is recommended using this approach in the analysis of the data obtained
; from the tests described in references 11 and 27.

5.2.2.5 Externally Blown-Flap Configuration

A mode! of an externally blown-flap configuration is shown in figures 39 and 40. The engine
exhaust is redirected by the flap(s) and an increase in lift occurs. This lift-augmentation makes the
device desirable for STOL aircraft. However, the blown flap has a penalty—more noise is produced
than that from a conventional wing mounting such as that on the cuirent commercial airplane fleet
(ref. 29).

The ircrease in noise can be attributed to two items. The first is the presence of an additional
noise source, impingement of the turbulent jet producing a fluctuating force on the flap(s), which
has “dipole” characteristics. This force is the source for the dipole component and has been given
the term “impingement noise” in reference 28 and this terminology wiil be used here. The second
, item causing an increase in noise is due to a change in the jet structure. This results from the
{ presence of the flap ‘which altess the rediation pattern of jet noise. Also, the jet velocity gradients at
—’ the trailing edge of the flap can produce more noise than that for a free jet. However. when the
flaps are extended, the impingement noise usually dominates in the far-field. therefore this report
deals with the noise prediction for this case. When the flap(s) are retracted, the jet noise component
dominates over the impingement noise, but the additional noise produced at the trailing edge of the
A flap(s) is assumed to be insignificant, i.e., it is convected and refracted aft and does not contribute
' to the noise observed below the aircraft. Thus, the techniques presented for single and co-annular
= exhaust nozzles_ in sections 5.2.2.1 and 5.2.2.2, car@e applied to the exhaust as though it were a

free jet.

The acoustic data used to develop the nosie prediction procedure ‘or the blown-flap
configuration were obtained .rom reference 98. The conditions for the static test were as listed in
table 9, and shown in figure 41.




b | WiNG PLANE NOTES:
. N ’ RADIUS, R = 3.05 M (10 FT)
- VERTICAL PLAME N~ Y ELEVATION ANGLE, B, = 90° -0y
¥
§
"y
g yad
2 i
3

MICROPHONE CIRCLE
N HORIZOKTAL PLANE

MICROPHONE
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TABLE 9.—TEST CONDITIONS (REFER TO FIGS. 39 AND 40)

Item __Sym. Condition
a. Static temperature Ts Figure 41
b. Jet velocity \l:j 150 to 350 M/S
c. Nozzle diameter D 5.2 cm (2.05 in.)
d. Relative nozzle position H/D 0.2 to 1.5
vhen of = 45° L /0 -3.9 to 1.2
L/D 3.3 to 7.1
e. Nominal Flap Angle o(N 0° to 45°
f. Directivity Angle v 10° to 180°
g. Elevation Angle fBo 0° to 90°
h. Microphone Radius R 3.05 M (10 ft)
i. Geometric-mean-frequencies f 0.2 to 20 KHz
°

L
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In order to extend the range of application to hot flows, a static temperature ratio term has
been included (see sec. 5.2.2). Noise levels for flight conditions are estimated by relating the overall
sound pressure level to the impingement velocity on the flaps and applying the Doppler correction
for a random dipole source. Figure 42 shows the variation in the overall sound pressurc level with
the impingement velocity and flap angle. The approximate 5th to 6th power slope with respect to
velocity implies the dominance of the dipole source for the reference configuration, i.e,, L/D=17.1,
H/D = 1.5. At higher jet velocities and/or larger values of L/D and H/D, the jet noise component
may dominate over the impingement noise. But for the reported test configuration, the
impingement noise exceeds the jet noise by 10 to 7 dB for a jet velocity range, 150 to 325 M/S.
Hence, the jet noise emitted from a STOL aircraft using the blown-flap during takeoff will
contribute typically less than 0.5 dB to the total noise observed in the far field.

In equation form, the overall sound pressure level at the datum condition (free-field, index:
R =1 M) s given by

OASPL = [F](VF. 90°') + 10 Logy {(a + sinzo%) / b}]

.(‘Ts )1.5 o Z,A ,-3]
+ 10 Logy, T;R -r_—,E (KE (1 - M cosf)J

. ¢ R (Y% V) + Ryl Vs )+ gl V) Fel%h) (26)
where

Vg = flap impingement velocity
A A A
= Vy-Vo) F5(L/D) + Vg

F) through F¢ represent the empirical curves shown in figures 42 through 47, respectively

Vy = centerline jet velocity vector at the nozzle cxit

A - ~ - 3 .

VO = velocity vector of the ambient air relative to the nozzle and flap(s)

ay = nominal flap angle *ig.40)

(a,b) = empirical constant? (0.0526, 1.0526) chosen to fit the data in figure 42
Ts = st=tic temperature of the jet (absolute vnits)

PN N S-S
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NOTES
1) STATIC CONDITIONS
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3) JET MACH NUMBER € 1.0

VF X
/- -~ 6,77/ (X/D) Foa3>7-5-

VF
Vi

AXIAL DISTANCE FROM JET NOZZLE, X/D
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FIGURE 43.—VARIATION OF EXHAUST JET VELOCITY WITH
AXIAL DISTANCE FROM NOZZLE EXIT
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seference static temperatuse (absolut . anitsy trom figuse 41

o=

w

~
0

P = density of the jet

P = reference density = 16.02 KG/M3 (1 bm/itt)

: A = discharge asca of nozzle
AR = seference area = 0.0929 M2 (1 f12)
o
{ M, = aircraft Mach number
by
§ = angle between direction of aircraft motion and sound propagation path
N
¥ = directivity angle relative to engine inlet
By = clevation ongle (figs. 4 and 39)
XN = dimensionless engine location whenay = 45°
= (L/D) (H/D)/ ¢85 19. 65
R D = nozzle diameter. If the nozzle is not circular, use the hydraulic diameter,
4A/[perimeter.

The overall SPL for N identical blown-flap configurations is estimated by adding the
multi-engine correction, equation (2B) in section 5.1.1.6, to the result from equation (26) above.
The 1/3 octave band spectrum shape is shown in figure 48. Using this curve, the sound pressure level
spectrum is defined as

SPL(f) = OASPL + F7(f/f‘o)

27N 1
E where
| g F- is an empirically derived curve (fig. 48)
d' fo = the characteristic Strouhal frequency in Hz

~  (VE/D) V0.5 (1 +sinZap)/(} - Mg cosE).
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The factor, '\!O.S (a+ sin2a N): results from ihe change in the hydraulic diameter of the flow
projection on the flap(s) as the flap angle, ap, is variecd. This expression assumes that the
impingetuient area is an eilipse for the discharge from a circular nozzle. In reality, the impingement
area is a hyperbolic section, and the resuiting formula is considerably more complicated. However,
the scatter in the data (ref. 28), does not merit such r2finement. The term, (1 - M, cosg), represents
the Doppier shift for an aircraft in flight.

A few concluding remarks about this procedure ave:

a) The data analysis would be simplified if the reference coordinate system was relative to
the flap(s) instead of the centerline of the nozzle. 't his would permit the same data to be

represented by fewer curves.

b) Additional hot flow tests are required to verify the methods used to extrapolate the test
(cold flow) data (ref. 28) to that applying to real engines.

¢) For cold flow models, it is expected that the procedure presented above will predict the
OASPL within £3 dB provided the jet Mach number is less than one.

d) A comparison of predicted values with a set of test data taken from reference 28 is shown
in figures 49 and 50.

5.2.3 Core and Turbine Noise

The goal of redacing subsonic aircraft noise has led to the consideration of engines with lower
jet velocities when compared to turbojets. The SAE jet noise procedure (ref. 7) when applied to
these newer engines results in lower levels than that obscrved-even when efforts are made 0
climinate the fan noise component. Recent jet model tests (ref. 20). in which care was taken to
heep upstream nosse (o @ minimum, have shown that a trend similar to that given by ref. 7 is valid at
velocities less than 305 M/S (1000 fps). This observation became more appaient alter appropriate
modifications to the density correction exponent or the inclusion of a (p2 Tg 1.5 ) factor was used

to cottapse the model data (sec. 522

Full scale engine tests at low power settings, however, exhibit a significantly difterent trend at
jet velocities helow 305 M/S than observed from the jet model tests. Apparcntly there are additional
noise sources which produce more low frequency noise than is predicted for jet noise. Also, discrete
tones due to the last furbine stage have been identificd. These sources are believed to be generated

upstream from the noszle exit and can be attributed to various items:
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a) Combustion

b) Static pressure fluctuations for flow through the turbine rotors

c) Turbulent flow impinging on the turbine rotors and stators

d) Turbulent flow along the inner surface of the engine and nozzle walls
e) Separated flow on the tailpipe cone and/or turbine exit struts

Of the items mentioned, those associated with the turbine produce high frequency, broadband
and tone noise. The low frequency broadband noise is probably due to combustion. For the
purpose of noise prediction two components will be identified—(1) core noise for the low frequency
and (2) turbine noise for the high frequency contributors.

The present noise prediction procedures for these components are based on data provided by
various engine manufacturers, research institutes, and NASA. Most of the data is proprietary and
thus little substantiating data can be presented at this time to justify the procedures. In fact, the
procedures are not all that good; the tolerance is approximately +7 PNdB. A more detailed analysis
of available engine data could result in a better core noise prediction procedure. Particular attention
should be given to thc progress made by various governmental contracts with industry,
e.g., GE/FAA.

5.2.3.1 Core Noise Prediction

The following prediction procedure for core noise has been developed from full scale engine
acoustic measurements (primarily from high bypass ratio turbofans). The noise source is assumed to
be a monopole. The strength of the source is related to the engine’s combustor and turbine inlet anc
exit parameters. Theoretically, a monopole source has a uniform omni-directional radiation patiern,
but far-ficld engine data indicates that the sound is attenuated in the inlet quadrant (see fig. 51).
The reasons for this attenuation are probably duc to a combination of eftects: (1) the source is
generated inside a duct, (2) convection, and (3) refraction. In mathematical terms, the overall sound
pressure level for a single engine at the free-field, index condition is given by

&

- R | LS - M cos
0ASPL = 10 Logyq ;. Ter Py (1 - Mg cosg) 28)

A)

+ Fig)+i6+a+K
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where
rhc = combustor corrected mass flow
= i \Trx/Tsr/®P1c/PsR)
m =  primary mass flow
r°nR = reference mass flow = 0.4536 KG/S (1 1bm/sec)
Trx= combustor exit total temperature (absolute units)

Tgr = reference temperature = 288°K (518.7°R)
P = turbine inlet total pressure (absolute units)
Prx = turbine exit total pressure (absolute units)
Prc = combusxtor total pressure (absolute units)

PgRr = reference pressure = 1 5. ATM. (2116 psfa)

i e

M, = aircraft Mach number

E = angle between direction of aircraft motion and sound propagation path
¢ = directivity angle re inlet axis

F, = empirical curve (fig. 51)

a = correction for the type of burner

= 0 for annular types
= +9 for can types, i.e., JT8D

K specific engine correction (see table 10)

The use of multiple engines is to be estimatcd by adding equation (2B) in section 5.1.1.6 to
equation (28) above.
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TABLE 10.—SPECIFIC ENGINE CORRECTION

TYPE_OF ENGINE
CF6-6

JT78D-9

JT80-1

JT9D-7
RB.211-228B

RB.211-228
(With Revised Strut Design)

TF34-GE-2
Paper Engine Studies

K
-1
0

-3.5
+2
+4
+]
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Very little data are available concerning the core noise spectrum shape. Essentizlly, no useful
anectral information can be deduced from conventional engine measurements (without a significant
amount of work) due to the ground reflections at low frequencies. Presently, the SAE flight
Strouhal spectrum is used, since core noise has been confused with jet noise in the past and is
assumed broadband in nature. The 1/3 octave sound pressure level spectrum is defined as

SPL(f) = OASPL + Fo(f / f) (29)
where

F,is the flight Strouhal spectrum shape (fig. 20b)

f characteristic frequency in Hz

o
= b/[v’ﬁl-c(l-Mocosg)]
b =

1246 Hz - (KG/sec)0-S = 1850 Hz - (Ibm/sec)0->
5.2.3.2 Turbine Noise Prediction

The turbine noise prediction procedure considers two noise components: broadband and
discrete tone. Both components have been related to the relative tip velocity of the turbine’s last
stage, the primary mass flow, and local speed of sound at the turbine exit. The effects of
stator/rotor spacing on the discrete tone levels is also considered.

It has been assumed that both components have spectra shapes that normalize with respect to
the fundamental blade passage frequency of the last stage of the turbine. The predicted spectra are
given in terms of 1/3 octave band levels (dB re 20 uN/Mz) at the free-field, index (R= 1 M)
condition.

Broadband component. - The relation for the peak 1/3 octave band level at a radius of 45.7 M
(150 ft) from the source is

Voo Co\3 /o
L. = 10 Log (TR R
0 IO[VR T,

'I
)

="

>

[\

\

R) (1 - M cosé) ] (0)

+ F(p) -0

e .
[ RN - e e s . g PO U—

el ST e R e TN e e Bt 8




where
VIR © Relative tip speed of last rotor of the turbine. If VR is unknown, use 0.7 times
the tip speed.
VR = Reference velocity, 0.305 M/S (1 fps)
- m =  Primary mass flow
i mg =  Reference mass flow, 0.4536 KG/S (1 lbm/sec)
| i CL = Speed of sound at the turbine exit. If Cy, is unknown, use
;:l CL=2 ﬁ'l-‘; with
| a=19.8 M/S per (°K)0>
= 48.5 fps per (°R)0
b Tty = Turbine exit total ten}\perature
CR = Reference speed of sound, 340.3 M/S (1116 fps)
M, = Aircraft Mach number
; g = Angle between direction of aircraft motion and sound propagation path
v = Direciivity angle re. inlet axis
F, = £mpirical curve shown in figure 52

Sample data and predicted results are shown in figure 53. The 1/3 octave band spectrum shape
is shown in figure 54. The sound pressure level spectrum is defined as

SPL(F) = L, * Fp(f/fy) 31

ce.

where

gy
i

fundamental blade passage frequency of the last rotor stuge of the turbine

B6/160 (1 - M, cosg))
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Fy = Function shown in figure 54

Number blades for the last rotor stage of the turbine

B

0 Shaft speed in rpm

The use of multiple engines requires the correction, eq. (2B) in sec. 5.1.1.6, and the spectrum
is extrapoiated to a radius of onc meter using

SPL(f) = SPL(f) + 33.2 + AdB(f) 32)
1M 45.7 M Table 4

Discrete tone component.—The discrete tone component of turbine noise is defined in a
manner similar to that for broadband noise. The lcvel of the fundamental tone at 45.7 M (150 ft)

from the source is given by

\CL/ \iR 33
+ Fi(¢)+56+K
where
C/S = stator/rotor spacing shown in figure 55
K = correction for turbofans with a primary nozzle exit plane upstream from the

secondary nozzle exit plane, i.., the JT8D
= -10 dB for the JT8D

a ( dB tor dual exhaust systems with co-planar exits, or turbojets

The frequency of the fundamental tone corresponds to the blade passage frequency, f, above.
The higher harmonics are assumed to fall off at a -10 dB slope as shown in figure 54. A review of
availablc fest data indicates that the second harmonic ranges from 8 to 20 dB below the
fundamental. In some cases, the harmonics for the second to the last turbinc stage were dominate.
The lack of adequate information precluded further study of the phenomenon.

In the computer program, the tones are added to the broadband spectrum (eq. (31) above)
before the corrections for the use of multiple engines and index (R = 1 M) conditions are applied.
After the corrections are made, the resulting spectrum represents the turbine noise at the free-field,

index condition.
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5.2.4 Compressor or Fan Noise

This section deals with the prediction procedures for 1/3 octave band noise due to rotating
compressor and fan blades. The procedures predict the noise spectra for the free-field, index
conditions discussed in section 5.1.1.2 The methods given are applicable to turbojet compressors.
single or multistage turbofans with or without inlet guide vanes, and lift fans for STOL aircraft. It is
assumed that the inlets are the “fixed-inlet type,” i.e., no blow-in-doors and the blade/vane number
ratios for the fans or compressors are optimum for minimum noise.

The enspirical noise prediction procedures discussed in this section were derived from JT9D
and JT3D static eagine tests. The data was analyzed in terms of the following noise components:

a) Inlet fan or compressor noise emitted from the inlet duct
1) Broadband noise
2) Discrete tone noise
3) Combination tone noise (buzz-saw)
b) Fan discharge noise emitted from the fan discharge duct
1) Broadband noise
2) Discrete tone noise
The computer program predicts cach of the subcomponent (broadband, discrete tone, and
combination tone) noise for items a) and b) above and the spectrum levels are combined on an
energy basis to form a single spectrum. For an engine with more than one fan stage, each stage is
treated as an independent source and the sound energy produced by each stage is accumulated
accordingly. No correction is made for blade row attenuation. Caution is to be applied in using this
procedure for turbofans with more than two fan stages. In the case of a turbojet, the noise from the
first compressor stage is assumed to be representative of the far-field noise.
5.2.4.1 Background
This discussion touches briefly on the various idcas and philosophies that went into the

development of the procedures. Of the items discussed, the first is the definition of the sovrce noise
associated with the rotating blades inside a duct with inlet and exit guic > vanes. The second is a
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description of some of the procedure-related corrections that are employed. Special upplications
and limitations are noted briefly.

Broadband noise.—The term broadband noise is associated with “white” noise that is generated
by unstable air flow past the rotors and stators of each fan stage. This noise is not strictly white ,
b noise because at a frequency of approximately twice the fundamental blade passage frequency, the
spectral density levels have been observed to fall off at approximately 30 dB per decade. The
corresponding 1/3 octave band spectrum shape is shown in figure 56a. The exact mechanisms which
generate the noise are not well understood, but are thought to invowve local variations in the static -

b i

i pressure field due to: o

‘ gt 1) vortex shedding from the blades and vanes, /

2) lift fluctuations resulting from approaching eddies in unstable flow, and

3) turbulent boundary layer(s) ;

In this procedure, the broadband noise is separated into two compo,r:.’éﬁts; one radiating
) upstream and out the inlet, and one radiating downstream and out the fan discharge nozzle. Engine
A size scaling is accomplished by normalizing the inlet component with _;;e'éf)ect to the rotor diameter
’ and the discharge component with respect to the exit area of the fan discharge nozzle. This
normalization approximates the more classical mass flow scaling as discussed in section 5.1.1.5. The
validity of the approximation is due to the way the turbofan engines are designed, i.e., the inlet and
o f discharge Mach numbers do not vary appreciably for different engines operating at the same fan
pressure ratio. The normalized levels are then related to the rise in pressure acrass each fan stage as
shown in figures 57a and 57b.

":v"’ f Discrete tone noise.—Discrete tones at integer multiples of the fundamental blade passage
) frequency are radiated from the fans and compressors of all jet engines when operated at either
subsonic or supersonic tip speeds. A major source of the tones for fans with inlet guide vanes
(IGV’s) is the static pressure field developed as the blades chop through the wakes from the inlet
guide vanes. For fans without 1GV’s, inlet flow turbulence produces the same effect, but the sound

produced is of a lower level.

An additional source of nearly cqual strength to the noise generated by the IGV-rotor
interaction is the noise produced by rotor and exit-guide-vane (EGV) interaction. A significant
parameter affecting the rotor-EGV interaction is the blade/vane number ratio. This effect is
- illustrated in section 5.2.4.4. In both cases, 1GV-rotor or rotor-EGV interaction, the noise is
e generated by a static pressure field which can be related to lift fluctuations on the blades and vanes.
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In the prediction procedure, the discrete-tone noise is separated into two noise components in
the same manner as that done for hroadband noise. The normalized levels for these components are
shown in figures 58a and 58b. For turbofans without IGV’s for the first fan stage, e.g., the JTID,
there is an additional noise scurce radiating out the inlet as the relative tip Mach number exceeds
unity. This noise is called combination tones and is discussed below. As ihe relative tip Mach
number exceeds one, the harmonic tones at multiples of the fundamental blade passage frequency
decrease with an increasc in tip speed or fan pressure ratio. This phenomenon is thought to be the
result of a non-linear transformation of acoustic energy from the discrete-tone noise to combination
tones. It is trcated as follows for noise prediction purposes. At low relative tip Mach numbers, the
fundamerual tone follows the solid line shown in figure 58b. This curve is used until the Mach
number exceeds unity. After this point is reached, noise level decays for an increase in the Mach
number or fan pressure ratio as shown by the dashed line in figure 58b. It should be remembered,
that the intersecticn point of the solid curve and the dashed line vary with different engines. This
point corresponds to the condition where the relative tip Mach number just exceeds unity—1.025 is
used in the computer program. The effect just described applys only to the first fan stage without
IGV’s, otherwise the solid curve in figure 58b is used for all fan or compressor stages.

Both the inlet and discharge fundamental tones are assumed to have their peak level at the
blade passage frequency. The relative levels for the higher harmonics are shown in figure 56b.

Combination tone noise ( buzz-saw).—When the first rotor stage does not have IGV’s, an
additional source of fan noise becomes significant when the relative tip Mach number goes
supersonic. At these high tip speeds, a shock forms on each rotor blade. These shocks move
upstrearn and decay into a system of Mach waves which propagate out of the inlet duct.
Theoretically, they would be observed in the far field as a series of tones at multiples of the blade
passage frequency. Experience indicates that there is a redistribution of energy. Small differences
within the manufacturing and assembly tolerances of rotor blades appear to affect the detailed
shape of the shocks attached to each blade. Thus, the Mach wave system repeats itself with each
revolution of the rotor. rather than with the passage of each blade. The resulting noise spectrum
contains. all harmonics of the shaft’s rotational speed. This noise has been termed combination tone
noise for the subjective response it produces.

A noise spectrum, consisting of a series of tones each with the same order of magnitude and
separated by a fixed frequency, is referred to as a combination tone. It is a characteristic of the
human auditory system to judge the pitch of this type of noise as though it were a tone at the
scparation frequency, although there may be little sound energy at that frequency. This type of
noise is found in all fans and compressors which operate at supersonic tip speeds, but it may be
masked by a louder tone at the blade-passage frequency or by jet noise. The presence of
inlet-gnide-vanes attenuates the Mach wave system; hence, the combination tone noisc is
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insignificant compared to the other components as in the case of the older bypass engines. However,
if one observes a 747 aircraft during takeoff, the noise emitted from the inlets of the JTID engines
is perceived to be similar to that produced by a buzz-saw.

In the prediction procedure, the calculation of combination tone noise includes the following
simplifying assumptions:

1) Combination tone noise is emitted only from the fan inlet.

2) It will contribute to the total fan noise only if the relative tip Mach numbser is greater
than one.

3) It will contribute to the total fan noise for fans without IGV’s.

4) Combination tone noise can be predicted in terms of three separate spectrums based on
peak noise levels centered at one-half, one-fourth, and one-eighth of the fundamental
blade passage frequency of the first fan stage.

The three peak noise levels are shown in figure 59, plotted against the relative tip Mach
number. The spectrum shapes corresponding to the three neak noise levels are shown in figure 60.

Corrections.—In the prediction procedures, various corrections are employed to account for
changes in the engine configuration from that for the reference JT3D and JT9D engines. The
corrections reflect the effects for varying such items as rotor-stator spacing, directivity angle,
bypass-ratio, discharge duct length, flight effects, and the use of IGV’s and multiple engines. Each
of these corrections are discussed below.

1) Rotor-Stator Spacing Correction—This correction accounts for the noise generated due to
the presence of stators in front and behind of the rotor. The correction is shown in figure
61 and is to be added to the peak noise levels described above in “Broadband Noise” and
“Discrete Tone Noise.” Figure 62 illustrates the definition of the rotor-stator spacing that
refer to conditions at the rotor tip.

2) Directivity Correction—This correction accounts for the fact that the radiation pattern
for the fan or COMPressor noise is not spherically symmein. about the source. The
procedure uses simplified directivity patterns for the noise subcomponents (figs. 63 and
64). These dircctivity patterns show that the noise is maximum at ¥ = 60° for the inlet
components and at ¥ = 110° for the fan discharge components. Engine tesi data has
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TURBOFANS WITH INLET GUIDE VANES (1GV)

iGV STATOR ROTOR STATOR

palulg

§1= Cp/Cy , = C4/Cy
RSS = MININUM OF (Sy,S; ) = 100
WHERE RS IS THE MINIMUM ROTOR/STATOR
SPACING IN PERCENT

FIRST STAGE OF TURBOFA.NS WITHOUT 1GV'S

ROTOR
STATOR

AIR FLOW

.

"—cl 'CZ‘

RSS = Cp/ € = 100

WHERE RSS IS THE ROTOR/ STATOR SPACING
IN PERCENT

FIGURE 62.—ROTOR-STATOR SPACING
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shown a variation in directivity angle for the maximum noise —namely 50°10 70°.nd 90°
to 120° for the inlet and discharge components. Since community ncise estimates are
based on passby conditions, the error in EPNdB incurred by using this simplified
approach is small.

Guide Vane Correction—The presence of inlet-guide-vanes for the first fan stage, or exit
guide-vanes of a proceding stage, alters the observed discrete tone components for the fan
stage being considered. The broadband compcnent radiating out the discharge duct is af-.0
affected. The change in noise is accounted for as follows:

a) For the inlet fan noise —subtract 6 dB from all discrete tones except the funda.nental
tone at the blade passage frequency. Combination tones (buzz-saw) are not
considered to be significant in the far field and hence are not calculated.

b) For the fan discharge noisc—add 6 dB to the fundamental tone and 3dB to the
broadband compon:nt.

Bypass Ratic and Duct Length Correction— This correction approximates for the change
in the fan discharge noise that would be observed in the far-field if the bypass ratio and
duct length were varied. At the present time, the physics for this effect are not
completzly undersiood, but are thought to be due to a change in the transmission
coefficient at the end of the discharge duct, i.e., the duct acts as a short-wave-guide. The
correction is defined as follows, i.e., let

-7.8 for BPR & 0.5
let AL = 6 logw(BPR/ 10) for 0.5 BPR < 10

<
0 for RPR 2 10

Update AL for the change in duct length, i.e.. let

The constant. C equals 9. 1/6, 1/3. 1 respectively for short fan ducts,
long fan ducts with coplanar primary/sccondary nozzle exite,

primary nozzle, i.c., the JT8D engine. AL is added to the discrete tone levels and AL/2 is added to

t
3)
a)

L4

&

L

’

b

AL=(L)C

the broadband levels of the discharge fan noise.

—: SR = = L e \ T e e e e e DT

3/4 length fan ducts,
and long fan ducts with a retracted
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5) Flight Effect Correction—This is an optional correction consisting of two parts. The first
part is the Doppler-shift which is well known and requires no explanation ¥ _vz. The
second part includes a theoretical level correction assuming a dipole source. The result of
this level correction gives a slight increase in noise level in the forward quadrant and a
slight decrease in level for the aft quadrant.

An additional flight effect applies for a lift fan mounted in the wing of an aircraft. This
effect is due to the flow distortion that results from flow separation at the inlet lip and
the work distribution difference on the fan rotor. Since this effect is peculiar to the
lift-fan configuration, it will be discussed further in section 5.24.4.

6) Multiple Engines Corrections—To account for multiple sources, two corrections are
employed—one applies to the inlet fan noise components and the second applies to the
discharge fan noise components. Equations (2A) and (2B) in section 3.1.1.6 are applied
respectively for the inlet and discharge fan components.

7) Index Spectra Correction—To remove atmospheric effects from the predicted spectra, the
spectra are extrapolated inward to a radius of one meter. The fan noise prediction
procedures are based on data originally measured at a radius of 45.7M (150 ft). The
correction for spherical divergence is +33.2 dB and the atmospheric absorption correction
is given in table 4.

Results.—Before the actual prediction procedures for compressor or fan noise are presented, it
seems appropriate to show a comparison of the results that have been obtained with measured
engine data. Figures 65 and 66 show the comparison. It is expected that the observed far-field noise
can be predicicd withint3 PNdB for engines similar to those in current usage.

§.2.4.2 Inlet Fan and Compressor Noise Prediction

This section deals with the prediction of the three noise components radiating out the inlet for
conventional turbofan and turbojet engines. The noise from the compressor of a turbojet engine is
predicted as though it was a single-stage fan. The noise from the turbofan engine is predicted as the
energy sum of that produced by each fan stage. The procedure is based on data from single and
double stage fans. Hence, care should be exercised in using these procedures for funs with more than
two stages because blade row attenuation is not considered.

Broadbang component prediction. - The characteristic peak 1/3 octave band sound pressure
lev=l of a single fan stage is defined by
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where

The result, L, is a free-field level in dB re. 20 1 N/M2 at a radius of 45.7 M from the source at
standard day conditions (1 5°C, 70% relative humidity). The sound pressure jevel spectrum is
obtained from figure 56a, i.e.,

where

fo

Ly © Fy(FPR - 1) + FZ(RSS) + F3(w)

2
+ 10 Logqq [(—g—;) - Mo cosﬁ)"] (34)

F1, Fy, F3 represent the appropriate cusves in figures 57a, 61, and 63, respectively

FPR = Fan pressure -atio, i.e., total pressure ratio across the fan
stage being con. ered

RSS = Rotor-Stator spacing in %, see figure 62
4 = Directivity angle re. inlet axis

D =  Fan diameter

Dr = Reference diameter = 0.305 M (1 ft)

(1-M, cos £= Doppler-shift factor

SPL(f) = Lo+ Fa(f / fp) (35)

the fundamental blade passage frequency in Hz
Ba/160 (1 - M, cosg)]

the number of fan blades on the stage being considered

the wheel speed in rpm

139 l
|
|

|
g ol e ' . R © cow L. '
. R U i Y STORY DO P :




e it it e e Y

Discrete tone component prediction. —The characteristic peak level in dB re 2();.11‘1/1\*12 for the
fundamental tone of a single fan stage is given by

L, = Fy(FPR-1)+ F,(RSS) + Fy (V)

2
+ 10 l_og.I0 (—g—;) (- Mo cosg)"4 (36)

where Fy, Fo, F3 represent the appropriate curves in figure 58b, 61, and 63, respectively. The
solid-line curve in figure 58b is to be used for all fan stages with the exception of the 1st stage fora
turbofan engine without inlet-guide-vanes and operating at a fan pressure ratio greater than critical.
The calculation for this case is

FPR - 1
FL(FPR - 1) = F(FPRy - 1) - 30.4 Log,, (Fp—T
! LA s|o1'ld Vine 10 "FPR,

where FPR,, equals the critical fan pressure ratio when the relative tip Mach number just exceeds
unity. The typical result of the calculation for the JT9D engine is shown as the dashed-line in figure
58b. The characteristic level, L, from equation (36), is at free-field, standard day conditions and
45.7 M from the source.

The next step is the accumulation of the harmonic levels to form the acoustic spectrum. The
relative harmonic levels are shown in figure 56b. The tones are added on an energy basis to the
broadband spectrum. The calculation steps for accumulating the harmonic levels are outlined below.
The steps contain the logic for calculating only those harmonics that are necessary to form the 1/3
octave band spectrum instead of the “brute-force” approach of calculating many harmonic tones
and then determining which tones are contained in each pass band. The indicator IGV in the logic
denotes if inlet-guide-vanes are present for the first stage, i.c., IGV#0. The symbols f,, fy denote
the fundamental blade passage frequency and the cutoff frequencies for the filters, respectively.
Also, the equals sign has been generalized to denotc that the results of the right replaces the
quantity to the left of the equals sign.

Fortran instructions. —
a, = 0.1 (L0=3.)

IF (IGV .EQ.0) a, = a5 +0.6




) Ny = L+ /o

- DO 3 1=1,24

Py = 10.*%(0.1 * SPLp
Ny = fley /o

IF ((Ny-N;).LT.0) GOTO3

DO 2 K=N1,N2
IF (K.EQ. 1) GOTO 1
' Py = P+10.4%,-03 *K)

GOTO2

3 1 PI = Pl +10.** (0.1 * LO)
2 CONTINUE
- SPLy = 10. * ALOGI0(Pp)

3Ny = Ny+1

The results of the above calculation are twenty-four 1/3 octave band sound pressure levels for
the inlet fan spectrum which includes the broadband and discrete-tone components.

Combination-tone component prediction. —Combination tone noise is calculated only for the
first fan stage for turbofans without inlet-guide-vanes. It is assumed that only this stage contributes
, to buzz-saw noise observed in the acoustic far-field. Further, this noise is assumed to exist only
B - when the relative tip Mach number is greater than one.

The characteristic peak (1/3) octave band sound pressure levels indBre 20 N/M2 at center
frequencies equal to 1/2, 1/4, and 1/8 of the fundamental blade passage frequency f,, are given by
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L.l = a, + FS(MTR) for f = f°/2 W

L2 s ao + FS(MTR) for f = f°/4 p - 37N

Ly = 3, + FS(MTR) for f = f°/8 J

where

Fgare the appropriate cusves in figure 59

MR = relative tip Mach number

' 2
a, = F3( ¥)+10 loglo [(-DBR-) (1- MO cosg)'4 ]
F3 = the directivity correction shown in figure 63

The levels (Ly, Ly, L3) are at free-field, standard day conditions at a radius of 45.7 M from the
source.

The sound pressure level spectrum for this component is approximated by

3
SPL(f) = 10 Logyo [K§1 ]00°][LK+ GK(f/fo)]] (38)

where G represents the spectrum shape curves shown in figure 60 for K= i, 2, 3.
5.2.4.3 Discharge Fan Noise Prediction

Two components are accumulated to provide the total fan noise radiating from the fan
discharge duct. These components are broadband and discrete tone noise. The noise produced by
more than one fan stage is estimated by predicting the noise for each stage and the results are
summed on an energy basis. The compressor noise contribution emitting from the engine discharge
does not appear significant in the far-field; hence, it can be ignored. The reasons are (1) it is masked
by more dominent sources, i.e., fan, jet, core and turbine components and (2) it is attenuated in its
propagation through the higher compressor stages, the combustor, and turbine stages.
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Broadband component prediction.—The characteristic peak 1/3 octave band sound pressure
level of a single fan stage is defined as follows:

Lo

where

= Fy(FPR - 1) + F,(RSS) + Fab) + C

+ 10 Logm[(%-g) (O -n, cosg)'q] +A—L2-

39

Fys Fy, F3 represent the appropriate curves in figures 57b, 61, and 64, respectively.

FPR =

RSS

¥
A =
AR =
(1 - M, cos§)=

C =

AL =

Fan pressure ratio, i.e., total pressure ratio across the fan
stage being considered.

_Rotor-Stator spacing in %, see figure 62.
Directivity angle re inlet axis.
Fan discharge nozzle area.
Reference area = 0.0929 M2 (1 ft2)
Doppler-shift factor.

3 dB for fan stages with inlet-guide-vanes.
0 dB for the 1st fan stage without IGV’s.

Bypass-ratio and duct length correction discussed in
section 5.2.4.1.

The result, L, is a free-field level in dB re 20 ¢ N/M2 at a radius of 45.7 M from the source at
standard day conditons (1 5°C, 70% relative humidity). The sound pressure level spectrum is
obtained in the same manner as described for the inlet broadband component.

Discrete-tone component prediction.—The characteristic peak level in dB re 20 ¥ N/M2 for the
fundamental tone of a single fan stage is given by
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Ly = Fy(FPR - 1) + FZ(RSS) + F3(¢0 +C
(40)

+1M%&%0-%mﬂﬁ+m

where
Fi, Fy, F3 represent the appropriate curves in figures 58a, 61, and 64, respectively.

C

6 dB for fan stages with inlet-guide vanes.
0 dB for the first fan stage without IGV’s.

The characteristic level, L, from equation (40), is at free-field standard day conditions and
45.7 M from the source.

The nexi step is the accumulation of the harmonic levels to form the acoustic spectrum. The
procedure for adding the tones to the broadband component is the same as that described for the
inlet discrete-tone component with the exception that we have a different characteristic level, L,

5.2.4.4 Lift Fan Noise Prediction

The lift fan noise prediction procedure has been developed based on the fan noise prediction
procedure, described in previous sections 52.4.2 and 5.2.4.3, and a forward velocity correction
utilizing existing experimental data (ref. 30). The static noise level of an existing lift fan (ref. 31)
was compared to the predicted noise by the method outlined in the previous two sections and good
agreement was found (fig. 67a). It is assumed that the oredicted results correspond to a fan design
with an optimum blade/vane number ratio; however the effects of varying the number of exit guide
vanes or “leaning” vanes, are not considered in the prediction.

The noise sources for lift fan propulsion systems are similar to that of conventional engines.
The fan itself constitutes the major noise source. In addition to the fan noise, noise due to the jet
and turbine are also generated by the drive system. The noise of each of these components can be
evaluated by the methods described in sections 5.2.2 and 5.2.3. The total noise is the energy sum of
the individual components. For lift fans that are driven by a tip turbine, the maximum design tip
Mach number of the fan will generally be less than one, mainly because of the turbine stress limit.
This limits the fan pressure ratio to below 1.3, which results in low jet velocities and jet noise.
Thercfore, the jet noise seldom contributes significantly to the perceived noise level for the lift fan
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confisniation. The noise due to the tip turbine also is of secondary importance due to the large
number of turbine blades, i.e., the fundamental blade passage frequency for the turbine usually lies
above the audio frequency range.

The effect of forward motion rcquires consideration of the flow distortion effect on noise
generation. This flow distortion results mainly from two sources. Flow separation is possible at the
inlet lip due to the small radius of curvature required by wing installations. The second and the
more severe distortion results from a non-uniform loading distribution existing on the fan rotor.
Figure 68 shows a typical takeoff flight path for a lift fan installation in two modes of operation.
Mode 1 represents verticai takeoff or the zero crossflow velocity case similar to static operation, and
Mode 2 represents the operation with crossflow imposed on the fan.

The complete vector diagram for the “upwind” side of the fan is shown. On this side, the
crossflow loads up the rotor and increases the fan pressure ratio; but on the “downwind” side, the
opposite happens. The difference in work that results can be stated as follows:

AW~ L Uy V,-U VD
. &

let

U = rotational speed = Uy =Uy

AV = change in fan exit velocity = V,-V)
Therefore

aw ~2 av
gc
Upwind:
aw~ Y @av+vy
B¢

Downwind:

AW~ 2@av-Vo
B¢

The above difference in work assumes that no flow entrainment takes place due to the inlet
walls before the air cnters the fan. This assumption is reasonable for shallow inlets such as a
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“fan-in-wing” propulsion system. A lift-cruise fan would have a longer inlet, and in this case, nearly
complete entrainment of the air would take place before flow incidence on the fan face. Therefcre,
the distortion effects on noise generation could be significantly less than that cited avove.

The distortion for the two lift fans, for which experin.ental data was available in reference 31,
have been calculated. Figure 67b compares the measured and calculated distortion for the X-535
and LF366 configurations. The calculated trend agrees well with the experimental data. This

indicates that the ratio of forward velocity to tip speed is indeed a good correlation parameter for
distortion effects.

The distortion effects on noise have been reported in reference 3] based on actual lift fan
noise tests. A review of oiher literature and related data has indicated that the state-of-the-art in
predicting the effect of distortion is best represented by the data presented in reference 31.

The corresponding correction, to be added to the discrete fan tones, is shown in figure 67 as a
function of the velocity ratio V/VTip-

S

Concluding, the basic fan noise procedure described in sections 5.2.4.2 and 5.2.4.3 is adequate
to predict the noise for a lift fan at static conditions. It has been shown that forward velocity is the
major parameter producing distortion in lift fans. Therefore, the increase in discrete-tone noise cun
be rezsonable represented as a function of Vc/VTIP' Experimental data is currently the most
reliable source for representing the change in roise due to distortion.

§.2.5 Propeller, Helicopter, and Tilt Rotor Noise

Two prediction procedures have been developed for these noise components. One is empirical
and applies to propeller aircraft. The other has a theoretical basis and applies to helicopters and tilt
rotor aircraft. In the development of the latter procedure, it was found that it could also be applied
for propeller noise prediction because the acoustic theory for propellers is essentially the same as
- that for rotors.

Both procedures consider two subcomponents for the observed far-field noise. The
subcomponents are (1) discrete-tone, rotational noise and (2) broadband vortex noise. In each
procedute the vortex noise is predicted by empirical equations because the more refined integration
and boundary-value problem approaches are computationally expensive and they require more
information than is readily available. These refined approaches are important for propeller/rotor
design; but the increase in accuracy for absolute levels is not that impressive. The two procedures
described here differ in only one respect. The rotational noise is predicted empirically in one and
theoretically in the other.
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An error analysis has been made comparing the two procedures with data given in references
37 and 38. The acoustic data was measured inside a hanger at approximately 3.9 M from the center
of the propeller. Since the propeller diameter was 1.5 M, it was not known if the measured noise
represented far-field levels. A correction of -1.1 dB for ground interference was added to the data to
obtain nominal free-field conditions. In theory the ground ref.ection anomaly varies between 4 dB
for the test conditions with the first destructive interference occurring between 50 and 70 Hz.

The data analysis is too lengthy to present here, but it is worth noting the results that were
obtained for a four-bladed H.S. 212-14 propeller. Based on a sample of 90 spectsa, the 90%
confidence band is (tg'g)PNdB and (‘tg";)PNdB for the rotor and propeller prediction procedures,
respectively. Hence, one can conclude that the accuracy of each procedure is roughly equal. At the
present time, one procedure can not be recommended in preference to the other. More data and

.

study are required. Some sample predictions are shown in figures 70 and 71.
5.2.5.1 Propeller Noise Prediction

A simplified prediction procedure for estimating propeller noise has been developed. The
procedure considers two noise compenents that are generated by a rotating propeller. These
components are (1) broadband vortex noise and (2) discrete-tone, rotational noise. The vortex noise
is caused by the shedding of vortices, similar to the Karman vortex street, from the trailing edge of a
propeller blade. Rotational noise is developed from the harmonic loads that exist on the blades due
to the static pressure field developed by the propeller. A third type of noise, “blade-slap” is
mentioned in references 33 through 35: but it is rarely present for conventional propeller aircraft
operating at subsonic tip speeds.

The procedure defined for vortex noise is based on a combination of the empirical approaches
given in references 33 through 38. Reference 32 gives a simplified, empirical procedure for
predicting the rotational noise component. That used here is identical to that provided in reference
32 with the exception that the Doppler shift and level change is included per references 33 and 36.

Vortex noise.—The equation for tne overall sound pressure level, L, in dBre 20 :.AN/M2 ata
distance of 152.4 M is given by reference 35 as

L, = 20Llogy, [VTE T/ (Y TR)]
A

/ 2

R 0.1 ~ ¢cos ‘v -1

+ 10 Log [E‘” w—--————-=--)(l - M_cosE) ] - 43
10 LA; \g.1 + cos®70° 0

——— e i
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E =

effective helical tip speed

C,;,\/i/lrr2 + (M, «.-osoz)2

reference velocity = 0.305 M/S (1 fps)

tip Mach number

aircraft Mach aumber

angle between propeller axis and direction of aircraft motion
ambient speed of sound

thrust developed by propeller

reference thrust = 4.45 N (1 1bf)

total blade area on one side of the propeller

reference area = 0.0929 M2 (1 ft2)

directivity angle re inlet axis of propeller

angle between flight path and sound propagation path

However, both references 33 and 35 point out that this formula pertains to propellers with 5
or 6 blades and a correction of +5 dB should be added for conventional propellers of 2 to 4 blades.
Also correcti:ins for atmospheric absorption and ground reflection appear not to have been included
in references 33, 35, and 38. It is desired to have the overall at free-field index conditions (R =
1 M). Hence, the constant -43 dB in the above equation is adjusted as follows.

-43.0

+42.7

+3.0

from original equation
spherical divergence between R;= 1524Mand Ry = 1 M

estimate of atmospheric absorption at 1524 M
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+5.0 number of blade correction

-3.0 correction to free-field condition

+5.7 Total

The resulting equation for the overall SPL of a single propeller at free-field index, conditions is

Lo = ZG‘ch]OLVTE T/ (VR TR)]

) ) |
0.1 + cosz‘b ) (1 - M cos) e5.7 @)
0.1 + cos"70°

N AR
+ 10 LOglO[K-B' (

The characteristic Strouhal frequeqcy {,is given by reference 37 as

f,=0.28 V/i(t cos § + & sing) (1 - M, cos§)]

3
ective helical velocity, blade thickness, chord length, and angle of

where (V, t, £, 08) are the eff
attack respectively at 0.7 span. The basic spectrum shaps, SS, which includes frequency modulation

effects of blade rotation is given by the formula:

L2 gt d
ss = 10 Log,, 5y gix) ox

: N+ (a 52)2] [1+ (b 51)2] (42)
= loge 3 2
[+ (bS )01+ (a$))7]

Zc

where
Sl = fl/ fO
Sz = fz/fo
f1, £y lower and upper cutoff frequencies for the pass band being considered

s i i -
o Satiaed
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gx) = the normalized, power spectral density function
_ x a2 ) b2
“la+a2x) a+v2xd
a = 1+M1Eg
b = 1-Myg
c = loge(a/b)
Mg = effective helical tip Mach number.

The spectrum shape formula has a singularity at Mg equal to one and thus the procedure fails
as the effective tip speed goes supersonic. The vortex noise prediction procedure is limited to values
of Mg less than one. In practical applications this range is reduced further to: 0 < MTg £ 0.93.
The sound pressure level spectrum is defined by adding the spectrum shape result for a series of pass
bands to the overall sound pressure level, L,

”~
SPL(f) = L, + SS 43)

Rotational noise.—The characteristic level in dB re 20 ¢ N/M2 at 152.4 M for the rotational
noise is given by reference 32as

oL 4 \1-55 [ py\-2-265
- wwn () () [
0 10[ Wy Og Mre

2.2 B + Fy(§) + 100.

-
f\

where
W =  shaft power
Wp = reference power = 7435.7 KW (1000 Hp)

D = propeller diameter
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Dr = reference diameter = 0.305 M (1 ft)

number of blades

Fy directivity correction (fig. 72)

The expression above is a curve-fit to the empirical figures given in reference 32. It is assumed
that this level is representative of measured ground test data at 152.4 M from the source. The lowest
frequency for destructive interference due to ground reflection would be between 2 and
5 KHz—well above the first ten harmonics in the rotational noise spectrum. This implies that the
characteristic level L is 6 dB above free-field conditions. References 33 and 36 report that a
Doppler-shift and level change occurs for a propeller in translational motion. Thus to meet the
requirement here, the following formula results for the characteristic level at the free-field, index

condition.
w ‘ . 55 D -2 -265 _4
. = 10 Logg [(WE) (—) (1 - M, cosE)

—
L

Dp
@4)

Y

38 M - 228+ Fy) +137.7

where the term (1 - Mg cost) is the Doppler factor. This last expression assumes that the air
absorption present is negligible due to the fundamental frequency for the propeller tones teing
typically less than 250 Hz.

The levels of the harmonic tones are determined through use of figure 73 for the function Fy
used in the equation below.

Lk = Lo + FZ(WE. K)’ K = ]’2’3. R etC- (45)
The fundamental frequency for the first harmonic is defined as

fo = po/[60(V-M cos§) ] (46)

where 0 is the shaft speed in rpm. The discrete tones are added to the broadband spectrum in a
manner similar to that described for the fan noise procedures (sec. 5.2.4).

5.2.5.2 Rotor Noise Prediction
A simplified prediction procedure for estimating rotor/propeller noise has been developed. The

procedure considers two noise components that are generated by rotating blades. These components
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are (1) discrete-tone, rotational noise and (2) broadband, vortex noise. Rotational noise is
developed from the harmonic loads that exist on the blades and that for vortex noise is due to the
shedding of vortices from the trailing edge of the blades. Other noisc sources are mentioned in the
references, but they are usually neglected. The reasons are discussed at the end of this section.

Vortex noise.—The previous section 5.2.5.1 provides a simplified, empirical procedure for
estimating this component. The method used here is identical to that described in that section. An
error analysis was made on some of the data given in references 37 and 38. The results indicate that
the empirical method provides reasonable predictions for community noise estimates and it is
“cheap” in comparison to refined integration and boundary-value problem approaches. Also, they
require more information than is readily available, e.g., the complete blade geometry, etc.

Rotarional noise.—The procedure for rotational noise is based on a theoretical math model
(ref. 33) that is simplified by a “loading-law” concept (refs. 35, 37, and 38). For the purpose of
noise calculations, the harmonic loads are considered random in phase and applied at a single point
on a blade. The position of this equivalent point load is based on a centroid calculation for the
mean-square pressure distribution on the blades. Experimental data (refs. 35, 37, and 38) have
shown that the load harmonics can be estimated from a simple formula. This formula contains only
three empirical parameters which can be determined from acoustic data.

Reference 35 gives data which show that the harmonic loads are different for a rotor with
translational motion. Hence, the loading-law parameters will have to be obtained from wind tunnel
tests in order to predict the rotational noise for flight conditions. From what little data that is
available, the discrete-tones for flight could be significantly less than that from a static aircraft
(ref. 37).

One may ask, “Why don’t you assume some form of a time-varying pressure distributionon a
hlade; compute the Fourier series; and use the coefficients thus obtained for the loading
harmonics?” The answer is—it was tried and wasn’t successful! (ref. 33). Furthermore, it is rather
computationally expensive and each rotor design requires a different pressure distribution.
On-the-other-hand, the loading-law concept simplifies a rather formidable mathematical problem
and provides realistic noise estimates. At the same time, it lumps together many effects that are
difficult to predict into only three empirical parameters. Some of the effects are blade flapping,
flight, vortea interaction, and changes in blade design. Of the various means available to measure the
harmonic loads, the acoustic method (refs. 37 and 38) seems to be the best. This is because other
techniques (ref. 33) are presently unable to determine the harmonic loads to the high-order required
for noisc prediction.
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Rotational noise for helicopters and tilt rotors is composed of discrete-tones that occur at

harmonic multiples of the fundamental blade passage frequency, f,. '
f, = BO/(60SF)inHz
B =  Number of rosor blades §
@ = Rotational speed in rpm
SF = Doppler-shitt factor (1 - M, cosg)
8
M, = Aircraft Mach number
¢ = Angle between flight path and line to the observer at “retarded time”—the time the
sound is generated, not the time when the sound is heard. "

The harmonic levels, dB re 20 uN/Mz, for the rotational noise are given by

Ly = 10'Log o 8
10 V'é_po
12
N
= 124.57 + 10 Log]0 P“‘
. R
with §
A, = 20uNMZ=4177x 1077 psf
Pg = 47.88N/M2=1psf
L

Reference 33 provides a theoretical approach for estimating the far-field, acoustic pressure
produced by harmonic loads on a rotor. The result, equation (34) in reference 33, gives an
expression for the discrete tone phasor, Cy;, above in terms of these loads.

= a7
Cy = Crn* Con * Cra
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o L=
At

with
o = S . =(n=X) [ _inQx \ ; nMy
™ =™ 27Co Iy TATR=A rn
= Thrust component
@, -(-1) fi(r=2) nMY
Con © "Z' (an R) ADxJu-A( r )
A= 1 1
= Drag or torque component
© ._(n_x)( nQy , (nMy)
C'_ .. = l A J - E———
Rii A-Z:w zncorlz) RA =2 Iy
= Radial component
where
n = NB
l‘l = rSF
r = Distance from observer to rotor hub at retarded time
M = Rotational Mach number of a point on the rotor
=  QR/c,
o = Rotational speed (rad/sec)
R = Radius of a point on the roior
o = Local speed of sound




X =

-‘: = cos¥

y = :

T siny

¢ = Directivity angle between the rotor inlet axis and a line to the observer at
retarded time

i = Imaginary number, V-

and (A, Apa ARy)) represent the complex Fourier coefficients for the harmonic loads appearing

on a rotor blade, i.e.,
i

8 -
i: Ay = 7w '!1;/9 £(1) exp (=iAQT) dT

i Ky exp (1AQT)

A:-&

f(t)

However, reference 35 points out that an “effective” helical Mach nurber, Mg, is to be used
in lieu of M above to account for motion relative to a stationary observer.

Mp2 = M2 + (M, cos @)

In this expression,a is the angle between the rotor axis and the direction of the aircraft’s
motion. Combining terms into equation (47) gives

inMg cosV @ -(n-2) nMg siny
TN 29 R SF2 TA n=A SF

Aa -0

-inM o  =(n=N SF /n=A nMg siny
Lo g R ()

1

«
b4

aMgsh¥ & _=1=A) nmgsm‘v)

L e | Ay (ﬁw
RU - ZmRrsF2 )% RA “n=d \ sF

?{ 162




'
ey} .
i

4 BRI R

ﬁ t

Changing the order of summmation from (e ) to (1,») and noting that

conjugate, yields
Cy = Con * Cpn * Cn
with IMECOS-W . =N
Cop & e i Ay J
™ © 2nRrsF2 l To °0
) -(n=A)
. A *

©
R

-lnME . =N SF\
o S e | Apo\) Tn
27Rr SF g/

o i =(n=A) [[ SF(""A)] AT ( I)A[SF
+ amam. | SO o * (= —
A; L AN PATn=x Me

i -
¢ = nMg sn\l-!_ i LI
RN Ro "
27Rr SF2
o ~(n=A) ’
"'Z ! lARx Jn—x*’(“l)x A.MJ'MA]}
A=1

where the argument in the Bessel function

to be used in evaluating the negative order Bessel functions and their derivatives.

[ — s
‘Tn@a =05 [Jnaxal*‘jnaxuel]

/
Tnar =05 [Jnﬂ‘-l*’jm A+1]

e ( n=2
jnea' (=1) JI"“Al

A=A ;, complex

]

(48)

e e

s above is (n Mg siny/SF) and the following identities are
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Loading laws.—Up to this point, it has been assumed that the harmonic loads (A), Apx
AR)) are known: in reality they are not. Refercnces 33, 35, and 36 argue that the harmonic loads
are to be considered random in phase with respect to harmonic order, \, and position, R, across the
rotor. For the purpose of noise calculations, an equivalent load is assumed to be applied somewhere
between 0.5 and 0.8 span. The position is based on a centroid calculation for the mean-square-
pressure distribution on a blade.

This point load concept permits a simplification of equation (48), i.e., the values of Mg and R
at the centroid can be used, to relate noise to the steady forces on a rotor. The harmonic loads are
in turn related to the steady force by the following approximate loading law.

2 Inxl /Ay, = 9N @)

T g = e Al

and m and c are determined by physical argument and/or ~xperiment.

These toading laws imply that an effective phase for the Fourier coefficients, Ay, is 45° for
A>0. Also, the summation in equation (48) with respect to A is to be done on an R-M-S basis after
the algebraic sum of the load components. Free-field, acoustic measurements on the inlet axis of the
rotor, theoretically, provide an estimate for IAT}J with (r > 10 max[cy/(Nfy), Rl ard A= N B).

2
7R rSsz
0) 10.1 LN
AMg

That is: |A1)|? zs(

Similarly, measurements in the plane of the rotor can provide an estimate of lADA\z if che radial
torces are small in comparison to the drag forces due to torque—i.e.,

|Ara] << |04

Sce references 37 and 38 for furthe *stails.

References 33 and 37 say thatc = land = = 2 for hovering helicopters. Thus

a295

g(1) = |2 (50)




On the other hand, reference 35 gives a physical argument and data (fig. 74) which show that
equation (49) applies with ¢ =1 and the exponent term, m, determined by a formula which
includes effects of rotor crientation and aircraft speed. Therefore for helicopters and tilt rotors:

-(m+0.5)

g(a) = |2
where
[l61r(Vocob o:+v)]
m ~ 0.0485 7S m +1.3

~ 1.3 +0.4876 [V{S,/(S o V)l
V.. = Aircraft velocity

- v = Induced velocity of the air

R

, 5
0.5 {-(vo cos )+ [Vg cosed? +2 g DI(po R™)] }

= Vi = Normal inflow velocity
‘\ T T 5
_.1 = 0.5{(Vocos )+ [(V, cos )2+a =—-§-9—~*2] }
PsoD'I‘
= vy = Tip speed
)]
! T = Total gross thrust for rotor
”‘ Py = Density of the air
= Pgol(RcTyo)
Py = Static pressure of ambient air (absolute units)
T = Static temperature of ambient air (absolute units)
‘lv’ Rt = Tip radius
Dy = Tip diametecr
v (il -~ e e P e et

¢y e et
S ’

(50B)
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sa

g = Blade area/disc area
§ = Lift-curve slope of one rotor blade

Reference lift-curve slope = 3 for data in figure 74

172]
=]
1}

A = 73097 (M/S)2 per (K)

- 1as x103 AL (vys)2 per (K
X M2 (M/S)“ per (K)

= 4371.03 (fps)? per CR)

KGM tbm-ft
= 10 KM 3217405 27
fo N-sec Ibf-sec
: 3
R, = 287.05 ik =2833x107 ATV
_ ft-Ibf
= 53.3504STek

For low-speed, My < 0.3, propeller noise estimates, reference 37 gives the empirical loading

-1.43
g(n) = 0.86 Il

faw
(500)
and reference 36 says; for the same tip speed range

g(r) = 0.04 02 (O 4l A /36|3)]"°'5

There seems to be a typographical error here, because this formula doesn’t match the empirical Jata
in reference 37. The correct formula should be

«0.5

1,zz[|m|3{1¢(x/3e 2 }] (50D)

0.5
44.0 |R|QZ°5/ [1 +(36 /J\)Z]

(b4

g(})

R’
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Although the two equations, (50C) and (50D), appear quite different, they match the same
data (fig. 75a) and have one thing in common when compared to the equations for helicopters—the
propeller harmonic loads are typically higher.

More recent data (ref. 38) at the propeller conditions, 0.5 < My < 0.7, yield yet another
loading law

~ k '2.5 2 0-5
oy = 2a.4 A]2® 0+ (307 508)

This formula is derived from the data given in reference 38. The spread in the data between that for
the thrust and torque harmonics is probably due to—the equivalent point loads for thrust and drag
act at different centroids. Thus, the use of a single point load for calculating the harmonic tones
results in a tolerance of about 8.0 dB. A plot of equation (5OE) is shown in figure 75b. In view of
the data and formulae presented, one would expect that the general form of the loading law is

-0,5
g(d) = ¢ [mz“'” {1 + (Ach\)zll (51)

with the parameters (¢, 11,A () determined by experiment. In actual practice, the form of equation
(49) should suffice for determining the sound harmonics of orders; 1 < N < 30/B. For more
accurate estimation of sound harmonics outside this range, equation (51) should be used.

Simplification.—In order to put equation (48) in more useable form, the following notation
is used.

Ajo = T/B

Apo = hpArto

Ao * hrATO

|ATA| = OSATQEW for |a]> 0
|Apa] = Bp|ATal  forlAl>0
|aga] = hr|ATal  feriM >0

T e i
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with the function g(A) given by one of the various loading laws, equations (49), (50A) through
(SOE), and (51). Assuming gandom phase, as was done in references 33 ar.d 35, we put

A
LIV (1+14), A>0

Ay = 7z

for each load component. Insertion into the random phase form of equation 48 yields

Nmg T\
2 E 2 . @t
C o e | | 2 (@ +B85)
| N| (4“ RrSFz) [ no no

&2 2 2 52
+ Y 00 @ +B,) (52)
Al

gy = [hR sin¥ J’n-x}d- [ cos ¥~ hp —'Sd—:- (ﬂ%&)](-l)A Jn+a

: F -
Bar= [ cos¥ = hp ‘%‘E') (‘E";,'L)] In-a— [“R sin (-1)* 3:""7\]

where

(n Mg sin¥/SF) = argument in the Bessel functions
n = NB
Mg = Helical Mach number at radius R

Radial centroid for equivalent point load.

R

Equation (52) above provides an estimate of
tke rotor hub. This estimate also corresponds to free-field conditions.

In the application of equation (52), limitations must be employe

procedure. Obviously, the summation with respe
add to the noise. References 33, 37, and 38 show that the effective range forA is

n(1=q)s>\$.n(]+q)
with

q = IME sinw/ SF|
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the far-field discrete tones at a distance, r, from

d to computerize the
ct to A must be truncated when the terms cease to
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and the terms containing J,4 aand J'n.,. Acan be neglected.

It also can be shown that the radial load components can b

their amplitude is much less than that due to thrust or torque. This results in a less complex

equation -

where
K 1 =

K2=

5]
—
>
o/
i}

=
O
"

t2

SF =

2
2 N Neg T )2 (SF 2,
~ = hpn (— ngq
|CN| (—j——awk Tsr2 4{ cos¥-hp Mg In"(naq)

K2 2
+ g%lgz(?\) J’ngk(n q) { cos¥-hp (%'EE) (ﬂ-%k‘)]

Max[n (1 -q)-0.5, 1] (integer result)
n(l1+q)+05 (integer result)
| Mg sin¥/SF | |

NB

Helical Mach number at radius R

Radial centroid for equivalent point load

Represents the loading-law function, equations (49) through (51)
Total thrust for rotor

Drag/thrust ratio

(Q/R)/T where Q is the total torque on the rotor

Distance from rotor hub at retarded time

Directivity angle rc. rotor inlet axis at retarded time

Doppler-shift factor, 1 - M, cos 4

e e e a e e i

.;ﬂu

<

e neglected in equation 52 because

(53)
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The use of equation (§3) to calculate all the sound harmonics required in the audio frequency
range would be quite expensive—even on high-speed computers. Reference 33 has shown that the
resulting values of Ly vary in a smooth fashion when plotted against log(N). Suppose that a data
curve as shown in figure 76 can be developed through use of equation (53) for a selected set of
values for N. Then by means of interpolation/extrapolation with respect to log(N), all the necessary
sound harmonic levels, Ly, can be obtained at a tremendous saving in computer storage and time.

Additional limitations must be employed in order to reduce computer storage and time. The
practical limitations for rotors and propellers are

2&B K6
Mg
0<-S—F'<1

As was mentioned previously, the values of N will be limited to
1<Ng21
Also, symmetry implies that the values for sin ¥ are contained in
0<siny 1
Thus the maximum range for A in equation (53) is given by
1€ A<2n

where n = N B and the orders of the Bessel functions, J K which could have to be calculated and

stored are

0€Kgn

Inserting the possible values give

0<K <42 forB=2

0<K <63 forB=3

0<K<126 forB=6
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or in general,
OCKK< NB

with N being the harmonic number for the discrete-tone occurring at the frequency, N f,.

—There are three other noise sources present for rotating
»thickness-noise” (dipole character), (2) Reynolds
these noise sources are usaally

Other harmonic noise sources.
propellers, and/or rotors. These sources are (1)
stress noise (quadrupole character), and (3) blade-slap. In practice,
neglected. The reasons are discussed below.

loading noise already discussed, another dipole source is

has been given the term “thickness noise” due to its

ume and the local blade acceleration (ref. 36). For

rotors operating at constant speed (5and M, constant), the only acceleration present is that in the

radial direction. (Note that the blades are considered rigid.) Thus this source corresponds to the

radial loads that appear or: the blades. In order to evaluate this source, knowledge of the complete
blade geometry is required to rerform the necessary integration over the blades. Both Hamilton
Standard reports (refs. 37 and 38) have included this source in their calculations. They report that
this source can dominste over the loading noise due to thrust and drag if the propeller is lightly
loaded or if the blaaes are rather thick. Reference 36 argues that this source will only be significant,
relative to the thrust and drag terms, for very thick blades at low loading conditions. Although these
three reports agree in concept; the emphasis of reference 36 differs. This latter emphasis leads to the
assumption: “The thickness-noise contribution to the discrete-tone levels produced by propellers/
can be neglected, if the blades are not thick and/or lightly loaded.”

In addition to the thrust and drag
present (refs. 36 through 38). This source
strength being proportional to the blade vol

rotors

The relative magnitude of the quadrupole sources when compared to that for dipole sources is

given by reference 36 as

(cal /S ]) - nm G coss
Qu?:ru- Dipole
po

This relation shows that the dipole (force) noise componcnts dominate in most practical
applications. However, as M cos ¢ approaches unity and n gets greater than 100, the quadrupole
“In assessing these results, it is of course important to remember that
. .Despite these limitations, it may be
ds of less than about M =0.5, the

ake significant contributions to the harmonic noisc

sources become dominant.
these results apply only to the specific case examined. .
concluded that for quict propellers operating at tip spec
quadrupole noise should not be expected to m




3

for n <200, even on the propeller axis™ (ref. 36). For further details see pages 1, 9, 68 of
reference 36.

Under the various helicopter operations (for instance, during low-power descent), the rotor
produces-a loud impulsive noise. The energy for this noise consists of harmonic tones that occur at
multiples of the fundamental blade-passage frequency, but the distribution does not fall-off rapidly
with increasing harmonic number—hence, the impulsive character. This noise has been given the
term “blade-slap.” Whenever this “impulsive” noise occurs, it is particularly severe, but it also has a
highly directionul radiation pattern. Thus blade-slap is nci always heard, even though it may exist
(ref. 33).

This phenomena occurs at precisely those conditions when a vortex wake can be expected to
pass very close to the rotor. Blade-slap can also occur when the rotors are operated at high speed.
Then, it is associated with transonic flow over the rotor blades. Thus, there are two possible sources
of blade-slap—vortex interaction and/or transonic flow. These phenomena can be predicted.
“However, it seem inappropriate to consider blade-slap as a separate phenomenon. The helicopter
rotor is always undergoing some form of vortex interaction, and blade-slap is simply a severe form.
Perhaps it is more realistic to suppose that, at least from the acoustic point of view, the helicopter is
always flying under some degree of blade-slap” (ref. 33).

The loading-law, equation (50&), includes some of these vortex interaction effects and its use
is recommended. Hopefully, this equation approximates the low-degree, blade-slap mentioned
above. No additional effort was made, however, to try and predict the special severe case.

5.3 NOISE CONTOUR ESTIMATION

A noise contour is the locus of points on the ground in which the noise is at a constant
acoustic level. The calculation of a noise contour requires the establishment of the relationship
between the aircraft’s noise performance and the aero/propulsion parameters during takeoff and
landing. The following optimized methed is presented which will fit within the computer time and
storage constraints of the Ames flight simuli-tor.

The relationships mentioned above are established when data points are given for noise level
(NL), engine performance (EPP), range at closest noint of approach (R), and elevation angle (a), for
an aircraft during level flight (see fig. 15 and table 11). This data can then be formed into tabular
functions: NL versus (EPP, log R,@), or log R versus (o, EPP) for cach noise contour. When the
airplane coordinates and EPP are given, interpolation using these functions at the geometry shown
in figure 77 provides two points (onc for each side of the flight track) on the ground for a specific
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noise level. If a series of these points are calcuiated during an aircraft’s takeoff or landing, a noise
contour is determined. The area enciosed by this contour can be calenlaied.

} Although there exist more refined methods for calculating noise contours, they require rather
m‘i lengthy calculations, and result in increased computcr time and storage. This makes them
u.J undesirable candidates for flight simulator use. The approach presented here has the advantage of
) minimizinz computations and reducing storage requirements. Despite the fact that this method uses
approximations, when sufficient data points are provided by measurement or by prediction, the
. o procedure provides reasonably accurate noise contours.

5.2.1 Acoustic Data

p The acoustic data required for noise contour estimation consists of a directivity angle for peak
noise radia.ion and a tabulated function of three variables—noise level versus EPP, R, and @ (see

; fig. 15). It is of particular importance, when constructing this function, that the data is for level
. _a' flight and that it is sampled in the manner indicated in table 11;i.e., in equal steps of log R for
adi angular increments of sina =0, 0.125, 0.25, 0.5, 0.707107, and 1.0. The ncise contour computer
%( program has been optimized for data given in this form and provides the greatest accuracy for a
minimum amount of data. Also the noise levels are to be strictly monotonic; aecreasing noise with
respect to increasing values of log R. If this constraint is not adhered to, the whole procedure fails.
This constraint poses no restriction to observed aircraft noise or to that provided by the noise

source estimatic 1 procedure.
o : 5.3.2 Aero/Propulsion Data

The aero-propulsion data vequired for noise contour estimation consists of a series of points
along the aircraft’s takeoff or landing flight path which define the airplane position (X, ¥, 2), the
orientation angle (6p) for the reference axis of the dominant noise source and the engine
Ry performance (EPP). During the Phase A portion of the contract, the key engine performance

2 parameter was engine pressure ratio (EPR) due to its relationship to other jc engine cycle

AN
A parameters, i.c.. there is one-to-one correspondence between EPR and all other engine cycle
parameters and this correspondence is constant with altitude for a fixed aircraft velocity. Since the
k\ noise produced by jet engines is directly related to the engine cycle, it will also follow this ¢

correspondence with EPR at a reference off-axis distance. However, jet engines are not the oaly

powerplants considered in the Phase B eftort. The choice of what the engine performance parameter

represents is left up to the user.
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5.3.3 Noise Contour Calculation

The noise contour calculation can be broken down into four basic steps. The first is the
formation of the acoustic data functions:

NL= fl(EPP, log R,ar)
and

Log R = fH(@, EPP)

for each noise contour from the given data points (NLy, EPPy, Ry, o). This step is done only once.
Thereafter, the calculation requires interpolation for log R at a desired contour noise level (CNL)
and geometry shown in figure 77. The next steps are the geometric solutions for the contour points
(U, V) in a moving reference frame and finally, the transformation of contour coordinates (U, V) to
the fixed (X, Y, Z) coordinate system (see fig. 77). The details are outlined below.

a) Formation of the acoustic data functions, f) and fy:

Data points (NLy, EPPy, Ry; @) are assumed to be given from the use of the noise
source estimation computer program or from measurements (table 11). Sort the given
data with respect to increasing values of EPPy, Ry, o as these variables will be treated as
independent for the function f}. Next, determine the distinct values for the given arrays
(EPPy, Rk.ak) and use the results for the independent variable data arrays specifying
where noise levels are defined.

NOTE: The three-dimensional function NL=f ](EPP, log R, @) is now formed.
Specifying the desired contour noise levels (CNL;) permits the transformation of the
function f; to a function log R= fy(a, EPP) for each CNLj. This is done by

one-dimensional interpolation on fy at NL = CNLJ- forj=1, 2, etc.

NOTE: The transformation assumes that the function fy is monotonic: decreasing with
respect to increasing values of log R.

b)  Calculation of log R for a specific contour CNLj:
At cach point along the aircraft’s flight path the folic ving data is required.
Zi aircraft height above the ground

: climb angle. i .. computed as the arc tangent cf the climb gradient
1 >3

pry) b’,)i) '.3 o e
g5
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OEi Orientation angle of the dominant noise source reference axis—usually the
angle between the gross thrust vector and the horizon

EPP; engine performance parameter
Calculation:
letZg = aircraft-to-ground distance perpendicular to the Jight path
= zjcosd;

Iterate the calculations below until |a- ao|< lé a|. In this iteration, & is set initially to
the value 45° for each noise contour and is updated at each aircraft position along the
flight path. The value, €, is a tolerance constant for the iteration; a reasonable value is
1.2x 1073,

logR interpolation on f; at (@, EPP))

o

it

arcsin (Zg/R)
Test a for convergence with a, and update @, if another iteration is required.
in the computer program, a test for contour closure is made just before the calculation of

« above. Closure occurs when R< Zg. The action taken is to set & = 0.5{ay + 90°). This
is done to avoid premature closure estimates that have occurred during rapid cutback

operations. If closure has indeed cccurred, the program contains a “trap” and sets a
corresponding error code.

¢) Calculation of contour points (U, V):

v = R%-zg?
Pcos = Vcosdg;-z;sindEj

V = Solution of }
p2 = U24vZeg?

where
=  range at CPA calculated for the noise contour in step (b).
v =  directivity angle for peak passby noisc propagation relative to the
dominant noise souarce reference axis.
180
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NOTE: Singularities can exist when 86 g; =t90°, and/or the directivity cone does not
intersect the ground at sideline distances +U. Helicopters, tilt rotor aircraft, etc.
require special consideration. The singularities can be avoided by letting

6p;= 6;and ¥ = 90",

d) Coordinate transformations:

let dx = Xj-Xj
dy = ¥i- Vil
dsi2 = dx%+ dy2

sin 0 = dx/ds;

cos 0 = dy/ds;

X = Ucos@-Vsin@ +x;

y = Vcos@+Usind +y;
where

Aircraft coordinates for the previous and

(xj-¢: yi-g'), (xj ¥g)
! present position along the flight path.

) 0
(U,v) =  Contour points in moving reference frame
calculated in (c).
5.3.4 Area Calculation

The area enclosed by each noise contour is calculated after the points, (U, V), are determined
for aircraft positions (xj. v, il 1= 1.2, etc. The procedure is as follows:

i %AAH

A:




1 for each contour CNL; where (from section 5.2.3)

aAy = @i+Up (Vi Vig +ds)

NOTE: The formula assumes negligible error due to changes in the flight track vector from
iteration (i-1) to (i). (]

5.3.5 Noise Estimate on Sideline

Multiple sideline noise estimates are included with the noise contour computer program. The

obseiver locations for these noise numbers are on the sidelines in the (U, V, Z) coordinate system, L
as shown in figure 77. The sideline distances can be specified by the user; the default values are
: 1.0 m, 152.4 m (500 feet), 463.3 m. If any or all of the values r.-ed to be changed, they may be asa
g user input.
ﬂ L
Calculation:
let R2= SD2+Zg?
a; = arcos(SD/R;) L
where SD is a set of sideline distances.
i A three-dimensional interpolation on fy at (EPP;, log R;, a.) yields the specified noise ¢

3 o
] ; estimates.

Boeing Commercial Airplane Company
P.O. Box 3707
Seattle, Washington, July 1973
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APPENDIX A
THEORETICAL GROUND REFLECTION PREDICTION PROCEDURE

BACKGROUND (PLANE WAVES)

An acoustic wave in the vicinity of a reflecting surface can be treated as the sum of a direct
and reflected wave. The difference in path length for the two signals introduces terms for spherical
divergence, phase delay, and absorption (ground and the air). This latter term for air absorption is
negligible when compared to the others and will therefore be ignored. When the phase delay
approaches odd multiples of 180", destructive interference results. At even rultiples of 180°,
constructive interference occurs. This interference complicates the analysis of acoustic data unless
efforts are made to eliminate the anomalies it produces in noise spectra. If ground reflection cannot
be eliminated, perhaps its effect can be estimated, and measured data can be corrected to free-field
) or vice-versa. The following is an analysis directed at solving this problem.

? Figure Al shows the geometry of the reflection problem. The receiver (microphone or ear of
=€ the observer) receives signals from a direct path and from a reflected path. The distance for the
! reflected path is (P + AP), which can be readily computed from equations (6A) or (6B) in section
5.1.2. Similarly, the angle of incidence, vV, (which is the same as By in section 5.1.2) can be
obtained from equation 7. The angle of refraction, Vy, is given by the acoustic equivalent of

Snell’s law.

) Kocos" =K cos Y1

- where

Kg = 2nf/Cq (wave number in air)
Kj ~ 2nf/Cy (wave number in ground)

In general, Ky is complex (non-uniform wave), but it can be shown that a uniform acoustic plaite
y wave cannot attenuate in the Y-direction for both media (air and ground) when air absorption is

g 1
bebo e

neglected.

ﬁ Further. the imaginary part of K, affects only the transmitted signal and not the rcﬂectz
signal. For this rcason, only the real part of Ky will be considered in what follows Spherical

propagation will be treaied later.
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Therefose, K.I / KO ~ CO / C]

where C( and C) are speeds of sound in the air and ground respectively.
Continuing with the solution for sin v, yields
sinzri « 1 - (KO/KI )2 cos2 %

If Ko/K| is greater than unity, as is most likely the case for the ground, there is a critical angle, v,
in which sinzvl can become negative. That is,

SIN v, = (A1)

1 +ia, FOR 4 < %
where
g = €0S-1 (Ky/ Ko)
ay= |1-(Ko/Ky) 2 COS2 0 [

The choice of sign when sin v is imaginary depends upon the convention used to denote phase
delay in the velocity potentials (¢) and impedance (Zj), and in the boundary condition—the
transmitted signal (1) should vanish as X approaches infinity.

The convention used here is

¢I = jncident signal

¢ exp[-1 Ko (X sin b, * Y cosvo)]

¢R = reflected signal

¢, r exp[-i Ko (-X sin bt Y cos vo)]
¢T = ° ansmitted signal

= ¢g T exp[-1 Ky (X siny + Y cosz )]
I = plane-wave reflection coeffiuient
(21/20) - (sinv] / sin uo)

- TZ]7ZO) + (Sinu] / ﬁn;b) (A2
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Ca;l e

T = plane-wave transmission coefficient
/14)
= 14T = [y (siny 7 sty

when v, is less than v, we see that @ 1 wilt vanish as X approaches infinity, if and only if;

siny, = -1 a, and cos¥ = ﬁ] = (KO/K]) cos v

where (@}, B1) are positive real numbers.

That is:

2 ¢°T exp[-1 Ky (-1 @, X + ﬁ\ Y)]

¢, T expi-K; o X) exp(-1 Ky B4 Y)

im ¢ = ny exp(-Ky @y X) [9 T exp(-1 K; 84 V)]

X =» 00
0

These relationchips where @ 7 represents a non-uniform, plane wave are shown in figure A2. It
is worth noting that there is no flow cof real acoustic power in the X direction, but there is rea!
power flow in the Y direction for both media (air and grounc). Note that K is considered real, i.e.,
1 lossless medium. If Z/Zg is a positive real number, then the reflection coefficient T is exp(i 9):
and the reflected signal @R is equal in magnitud? to the incident signal 9§, but suffers a phase shift
given by

= -1
This explains how the reflection coefficient can have a phase term different than zero when the

ground impedance is real -an apparent contradiction of physics; though not really so, when the
critical angle is included in the analysis.

The composite signal of the direct and reflected sound is then given by the velocity potential
solution for plane waves as

3]

o = Gy %= H U+ G %)

8

¢D [V + Iexp(-i Ko AP)) (A3)




where @y is the signal for the direct path and T is the reflection coefficient given in equation (A2).

For acoustically hard surfaces like water or concrete,llezo‘may be as large as 3 x 103, SO
that the reflection coefficient is approximately unity, except for very small angles of v,. When v,
approaches zero (grazing incidence), the I' approacaes minus one regardless of the impedance
values. Since the difference in path length, AP, also approaches zero vnder these conditions, the
erroneous conclusion given by equation (A3) is that the observed signal, ¢ ¢, vanishes The
contradiction is solved by noting that uniform acoustic plane waves just do not exist. A mnre
detailed analysis in 1eferences %? and i—:a shows that the wave fronts are tent in the vicinity of the
ground for a “dissipative” reflecting plane (see figure A3).

P

Sir.ce we are interested in the reflected signal, not the ¢ransmitted signal, further analysis of
this boundary layer phenomenon can setrve only academic interest. Its presentation was to point out
one reason why equation (A3) fails for propagation at grazing incidence. Another approach follows
which considers acoustic waves with: spherical propagation. It does not have this singularity.

ot rtm s e e

- SPHERICAL PROPAGATION

Rudnick (ref. 16) showed that equation (A3) can be replaced by

\ir

4
¢c = ¢D 1 + r exp('1 Ko AP)% (A4)

where

r = effective reflection coefficient for
spherical propagation

[r+ (1-1) FOO1 7 (1 +45)

ddt g b
-

r = plane-wave reflection coefficient
F(W) = the "boundary loss factor"

= 1412 {Wexp(-4) j exp(=Zz) dz
wif¥e
1 -4 1 exp(ZZ) Erfc(Z) with Z = =1 W

[i2K P siny 1/ [El (VW -r) cD"’v]Z
0 1 Z0 >0

=

il

@
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Equation (A4) applies to & point source, homogeneous media (air and ground) and a
smooth/infinite/reflecting planc with complex acoustic wave impedance. When the observer gets
sufficiently far away from the sound source, &LP/P approaches zero. If the angle of incidence, v,
approaches 90° under these conditions, then equation (A4) become identical to equation (A3). In
this case, the plane wave approximation is as good as that for spherical propagation. However,
aircraft/observer geometry cannot be restricted to just this case and equation (Ad) is a better
formulation for describing the ground reflection phenomenon and it has therefore been
incorporated into the extrapolation methods used in the computer program.

W26

)
’ For the purpose of evaluating the “boundary loss factor,” the following expansions are given.
: When IWIis less than ten, then

i F(W) =1- exp(-W 2 -i.-JﬂW

. (W) =1- exp(-H) = () KT (AS.1)
: When‘WI is greater than or equal to ten, then

FW) = g(W) / [W+ giW)]

with g(W) = -[0.5+0.

"

W - 6.5 - 10.803

. Due to truncation error by the com uter (not enough significant digits), equation (AS. 1) is not
B computationally stable for values of Wrgreater than ten, although, in theory, the series converges
u for all W. Equation (AS.2) is stable for values of |WI greater thar, 10. 1t was formed by transforming
the Tayior series of Erfc(Z) into Gaussian continued fraction (ref. 19) and truncatirg after five .
terms. The maximum absolute error of this approximation is (1.1 x 109). i

BANDWIDTH EFFECTS

<
e e ey o i e e e oo S et 2

So far the analysis has considered only a simple harmonic source. What acoustica cngiuecr’s are
really interested in is how ground reflection affects Sound Pressure Level Spectra (SPLS), as
measured with finite bandwidth cquipment. Since detection equipraent sums the signals with
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frequencies contained in the bandwidth of the filters, it is necessary (0 integrate equation (A4) to

determine the bandwidth effect.

f 9
1 U/loc\ (%
o = vy |7 [ (8) (%) ¢

fL

where (*) denotes complex conjugate and (f, fyy) denote the cutoff frequencies for the filters.

' If the values for Zy/Zg and Ky/Kg do not vary erratically over the frequency limits of
integration, this integral can be approximated by

sin($,)
AspL = 10 Log]0 [] + AZ + 2 A cos(Sz-e) —g"l] (A6)
, 1

b
where
4 A =|1"'| and6=arg(l")
“‘ S] =N AP(fU'fL)/CO
s, =m AP (fy+DICoy
i -
! 7
- and the values for T are evaluated at the geometric-mean-frequencies for the filters.
: OTHER EFFECTS
There are other etfects which affect noise measurements in the vicinity of a reflecting ground
plane: wind and temperature gradients: noise souice disiribution: and scattering of the sound by an
acoustically rough ground plane. etc. These other offects have rot been adequately quantified at
) this time for incorporation into mathematical terms.
[
b
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COORDINATION SHEET

NG RFP=6-8462-30-59
W, C. Staroy
[ R T 21
J. R, Anderson W. R, Johnson Latt  Octaber 7, 1971
W. K. Rouermeizter R. B, Tate
MUOEL 727

GROUP INDEX 727 Retrofit Feasibility Pregram

susJECT Theoretical Ejector Performance Parameters

Utilizing Simulated JT8D=9 Engine Conditions

In order to make certaln ejector design decisions, the flow properties at the entrance and
exit of the ejector shroud were roequested verbally by Acoustics Staff personnel. Presented
here aro these flow properties a3 determinod by o Propulsion Research-developed ejector
computcr program for mixed-to-primary area ratios (.’-\M/Ap) of 1.6, 1.8, 2.0, and 2.2.
The P&WA JT8D-=9 turbofan engine conditions were simulatad ond are tabulated along with
the ejector geometry and loss inputs. Figure 1 through 32 present the ejector performonce
paramoter versus airspeed for lines of constant EPR. The following table is an index to
toe figures:

Performance AW A
Parameter T.& T8 7.0 2.2
] Fig. | Fig 9 | Fig. 17 | Fig. 25
Mg fFig 2 Fig. 10 fig. 1R Fig. 2¢
Mp tig. 3 Fig. 11 Fig. 19 Fig. 27
Mg Fig. 4 Fig. 12 Fig. 10 Fig. 28
WS/WP Fig. 5 Fig. 13 Fig. 21 Tiq. 29
T‘E/TT“' Fig 6 Fig. ¥4 Fig. 22 Fig, 30
P /P Fig. 7 Fig. 5 Fig. 23 Fig. 3
PP/PG. Fig 8 Fig. 16 Fig. 24 Fig. 32
Where:
AM/AP : Ejector Mixing to Primary Arco Ratio
L) : Ejector Net Thrust Rutio (Fnei/F"p) )
Mg = Ejocror Erit Mach No. it Station
Mp Primary Flow Much No. ot ltatinn
Mg : Secondary Flow Mach No. at Station @
WS/Wp - Socordury Airflow to Prinary Airflow Ra.io
TTE/TTm : Ejector Exir Total Temporature Tutio
Ps/Pos = Secondary Static Pressure Ratic ot Smtion®
P.rvr-"f’o, - Primary Stotie Pregsuro Ratio ot St |ﬁon®
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RFP-6-8462-30~59
Page 2

These curves are to provide tvend dota only and are not to be util ized for
estimating the performance of o specific ejector-suppressor configuration.

It should be noted that the primary flow Mach Number at Station ® is not
the fully expanded Mach Number.

Unfortunoiely, this ejector program assumes compiate mixing and does not
provide the ejector flow properties between the entrance and =xit of the

shroud. A mixing program is being formulated by the Propulsion Research
group to provide flow properties as a function of axiol displacement. The
mixing program will probably be ready for checkout in December 1971,

Prepared by Ww. g M /0/7/7/

Haugan

Approvea Ey <

E. Tionneland

Attachment: Table |, Figures 1-32
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